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1 ABSTRACT 
1 ABSTRACT 
The use of enzymes in synthetic chemistry is attracting the interest of many researchers 
thanks to their extraordinary efficiency under mild conditions, high stereo- regio- and 
chemoselectivity and low environmental impact. Their application in the field of polymer 
chemistry has provided new synthetic strategies for useful polymers. The advantages coming 
from the use of enzymes are mainly: i) the possibility to synthesize polymers with novel 
properties and difficult to produce by conventional chemical catalysts; ii) the improvement of 
the synthetic processes in terms of sustainability, for instance by avoiding toxic catalysts. 
In particular hydrolases have demonstrated to be efficient catalysts in the development of 
highly structured polyesters with low polydispersity characterized by the presence of different 
functionalisations. Although generally the enzymatic processes lead to the formation of 
oligomers of limited Mn, these can be successively chemically polymerized to synthesize new 
innovative products with high Mn. Hydrolases enzymes offer also a great opportunity for 
using non-petrochemical renewable resources as starting substrates thus contributing to global 
sustainability of polymerization processes.  
Also oxidases have proven to be efficient catalysts in polymer chemistry thanks to their 
capability to catalyze oxidation of phenolic groups. This radicalic reaction can be exploited 
either for: i) degrading lignin; ii) functionalizing lignin phenolic moieties thus improving their 
chemical and physical properties; iii) polymerize phenol derivatives or phenol based 
oligomers.  
Unfortunately, the use of enzymes in polymer chemistry on industrial scale is still hindered by 
many factors among which the most significant are: i) the instability of many commercial 
immobilized preparations under process conditions, ii) the high costs of both the biocatalyst 
and the monomers from renewable resources and iii) the limited availability of information 
concerning the main factors which affect the scalability and the industrialization of this kind 
of enzymatic processes.  
At this regard, the work described in Chapter 2 of the thesis exploits the catalytic potential of 
lipase B from Candida antarctica in polymerization processes. In collaboration with the 
group of Professor Karl Hult (KTH “Royal Institute of Technology”, Stockholm) a new 
synthetic route for the enzymatic synthesis of new innovative highly structured allyl 
functionalized polyester of industrial interest has been developed. Finally, products obtained 
have been efficiently employed in thiol-ene chemistry for films production.  
 
2 ABSTRACT 
Chapter 3 deals with the synthesis of functionalized polyesters starting from renewable 
feedstock which can be employed as new starting materials for the production of surfactants 
for cosmetic and pharma industry. Continuing on the study of lipase catalyzed polyester 
synthesis, in Chapter 4 particular attention has been given to the feasibility of the biocatalysed 
technology at industrial level, namely addressing the problem of biocatalyst‟s stability and 
formulation. In particular a highly stable covalently immobilized preparation of CALB, 
developed in collaboration with SPRIN Technologies, has been exploited for the synthesis of 
polyesters demonstrating the advantages coming from covalent immobilization over the other 
commercially available CALB adsorbed preparations, namely higher recyclability and 
absence of enzyme leaching. On this respect, one-step and multistep processes for the 
synthesis of polyesters employing adipic acid and 1,4-butanediol have been the subject of a 
deep investigation. A comparative analysis describes the effect of enzyme leaching from 
adsorbed preparations during polycondensation reactions evidencing meanwhile the stability 
of the covalent enzymatic preparation under harsh conditions. Within the context of this study 
characterization of the synthesized polymers has been feasible thanks to the collaboration 
with the group of Dr. Mario Malinconico at the “Istituto di Chimica e Tecnologia dei 
Polimeri” ICTP-CNR, Pozzuoli (NA). Moreover, a new methodology for polymer 
characterization which integrates DOSY NMR and GROMACS simulation techniques has 
been developed in collaboration with CBM (“Cluster in Biomedicine”, Area Science Park, 
Trieste). The obtained results open new perspectives for the study of polymer behavior in 
specific media.  
The final part of the work (Chapter 5) focuses on the potential applicability of laccases under 
non-conventional conditions, thus exploring new routes for more efficient lignin degradation. 
The most important obstacle to technological and commercial application of laccases is the 
limited number of enzymes readily available for industrial applications. At this regard, thanks 
to the collaboration with the group of Prof. Ludmila Golovleva (Institute of Biochemistry and 
Physiology of Microorganisms, “Russian Academy of Science”, Puschino, Russia), we have 
studied the stability and activity of three different fungal laccases in the conditions of interest 
for lignin processing, namely in organic/buffer mixtures and under microwaves radiation. The 
proof of concept for the application of the considered laccases in lignin valorization has been 
demonstrated assessing lignin over laccases mediated oxidation in organic/buffer mixtures 
media. Moreover, a laccase endowed with remarkable higher stability as compared to the 
other tested has been identified. The enzyme is currently under study for understanding the 
structural basis of its stability. 
 
3 ABSTRACT 
In conclusion, the work of this thesis demonstrates that the lipase catalyzed synthesis of 
polyesters is a mature technology ready to be employed at industrial scale for those specific 
applications where the chemical properties of products or the sustainability of the process 
represent crucial issues in the classical chemical processes. Moreover, the new properties of 
the immobilized lipase employed in the present study induce to believe that the problem of 
biocatalyst stability and recyclability has been finally overcome. 
Concerning the application of laccases, the valorization of lignin in terms of production of 
bio-based chemicals is still a very new field of research, although it is expected to become 
one of the major topics for the future development of the “Sustainable Chemistry”.1 The 
present study intends to be a contribution for the identification of suitable biocatalysts and 
more efficient conditions for the degradation and modification of one of the most abundant 
biopolymers in Nature. The high stability of the laccase here reported induces to pursue in 
their characterization under non-conventional reaction conditions on different types of lignin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
1
 J. E. Holladay, J. J. Bozell, J. F. White, D. Johnson, “Top Value-Added Chemicals from Biomass”, 2007, U.S. 
Department of Energy.(http://www1.eere.energy.gov/biomass/pdfs/pnnl-16983.pdf). 
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2 LIPASES FOR THE SYNTHESIS OF STRUCTURED 
POLYESTERS 
2.1 Summary 
Allyl ethers are advantageous in coatings systems because they have a very long shelf life as a 
result of the low tendency towards homopolymerization. In thiol-ene films, due to the lower 
tendency towards allyl ether homopolymerization, in stoichiometric ratios, every allyl ether 
group should combine with every thiol group, thus resulting in chemically stable films. The 
aim of this research, performed in collaboration with the group of Prof Karl Hult (KTH – 
Royal Insistute of Technology, Stockholm), was to develop a simple and environmentally 
friendly process for the direct synthesis of tetraallyl functionalised oligoesters to be applied in 
thiol-ene films production. In particular the most important goal was to obtain a one-pot one-
step solvent-less route to synthesize highly structured polyesters with controlled degree of 
polymerization. At this regard immobilized Candida antarctica lipase B (CALB) was 
employed as biocatalyst for the synthesis of a functional polyester based on divinyl adipate, 
1,4-butanediol and trimethylolpropane diallyl ether (TMPDE), by polycondensation.  
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2.2 Introduction 
2.2.1 Lipases as biocatalysts in polymer chemistry 
Enzymes have been used extensively in organic chemistry for the synthesis of small 
molecules,
1,2
 and in the last two decades the use of enzymes has expanded also the toolbox for 
polymer chemistry.
3 
These natural catalysts are sustainable, selective and efficient, and offer a 
variety of benefits such as environmentally friendly manufacturing processes, reduced use of 
solvents, lower energy requirement, high atom efficiency and reduced cost.
4,5,6
 In the 
industrial segment the most widely used enzymes are lipases and cellulases.
7,8
 Lipases are 
triacylglycerol ester hydrolases (EC 3.1.1.3) that catalyze the hydrolysis of long-chain 
acylglycerols. These enzymes are highly stable in organic solvents, show broad substrate 
specificity, and usually show high regio- and/or stereoselectivity in catalysis. Besides their 
remarkable stability in the presence of organic solvents or organic/buffer mixtures represents 
a plus for the industrial applicability.
9,10,11
 Since lipases‟ natural substrates are not soluble in 
water, these enzymes work at the lipid-water interface and they present much more extended 
hydrophobic superficial areas surrounding the active site, as compared to the other hydrolases 
which are active on water soluble substrates. Once lipases come into contact with the 
hydrophobic substrate they become more active. In most cases they undergo a conformational 
change known as “Interfacial activation”.12,13,14,15,16 
Conformational modifications were described for most of the known lipases and are related to 
the movement of an amphiphilic flexible lid,
17,18 
a protein domain, which closes the 
hydrophobic active site when exposed to water. The approaching of the hydrophobic interface 
causes the lifting of the “lid” and the exposure of the hydrophobic active site to the lipidic 
substrate. Globally, these conformational changes are the result of the variation in the 
dielectric constant of the medium, with the consequent  formation and breaking of a series of 
hydrogen bonds, which are responsible for the stabilization of  the “lid” dominion either in the 
open (active lipase) or in the closed (inactive lipase) conformation. (Figure 1).
7,19,20
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Figure 1 Structure of Candida rugosa lipase: on the top (a) in open (on the left) and closed (on the right) 
conformation (PDB 1CRL and 1GZ7 respectively) in new cartoon mode coloured by secondary structure; 
on the bottom (b) the two conformation overlapped, the open one in green and the closed one in red. 
 
2.2.2 Candida antarctica Lipase B 
One of the lipases most widely employed in chemical, pharma and food industry is CALB 
(Candida antarctica lipase B,), which originates from the basidiomyceteous yeast Candida 
antarctica. Actually this fungi produces two different lipases, named A and B. As the name 
suggests, the strain was originally isolated in Antarctica, with the aim of finding enzymes 
with extreme properties, and both CALA and CALB do indeed exhibit unusual properties. 
Between these two enzymes CALB is the most well characterized biocatalyst since it has been 
deeply investigated by industry which generally exploits it in immobilized form.
21
 To go more 
in detail, this catalyst has been found to tolerate a great variation in experimental conditions 
and it has been shown to be a particularly efficient enzyme, catalyzing a great number of 
different organic reactions including many that have been transferred to industrial scale.
22
 In 
contrast to most lipases, CALB has very small lid which is not big enough to cover the 
entrance to the active site and therefore the enzyme shows very modest conformational 
changes in the presence of hydrophobic interface, which generally induce to consider CALB 
as a lipase lacking of a distinct interfacial activation phenomenon (Figure 2).
23,24 
Nevertheless, recent molecular dynamics studies performed in our laboratory demonstrated 
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that the small lid of  CALB is a dominion endowed with marked conformational mobility 
(data submitted for publishing).  
 
 
Figure 2 Structure of Candida antarctica lipase B; the catalytic triad is highlighted in licorice mode: Ser in 
green, His in yellow and Asp in red. 
 
As most of the lipases, the catalytic mechanism of lipase B from Candida antarctica (CALB) 
involves the nucleophilic attack of catalytic Ser to the acyl group, forming the first tetrahedral 
intermediate (Figure 3). The tetrahedral intermediate liberates the alcohol and provides an 
acyl enzyme intermediate. The second reagent, the nucleophile (e.g. water, alcohol etc.), 
attacks this acyl enzyme to form a second tetrahedral intermediate. Afterwards the 
intermediate releases the acid or the new ester. With most substrates, it appears that the 
formation of the acyl enzyme is fast and the deacylation is the rate-determining step.
25
 
 
 
8 LIPASES FOR THE SYNTHESIS OF STRUCTURED POLYESTERS 
 
Figure 3 Reaction mechanism of lipases. [1] Binding of lipid, activation of nucleophilic serine residue by 
neighboring histidine and nucleophilic attack of the substrate’s acyl carbon atom by Ser O-. [2] Transient 
tetrahedral intermediate, with O
-
 stabilized by interactions with two peptide NH groups. The histidine 
donates a proton to the leaving alcohol component of the substrate. [3] The covalent intermediate (“acyl 
enzyme”), in which the acid component of the substrate is esterified to the enzyme’s serine residue. The 
incoming water molecule is activated by the neighboring histidine residue, and the resulting hydroxyl ion 
performs a nucleophilic attack on the carbon atom of the covalent intermediate. [4] The histidine residue 
donates a proton to the oxygen atom of the active serine residue, the ester bond between serine and acyl 
component is broken, and the acyl product is released. 
 
It is worth to underline that the second nucleophile can also be represented by an alcohol or 
an amine, which would result in alcoholysis and aminolysis reactions respectively.
26,27
 Of 
course, this is achievable only by displacing water as a nucleophile, that means by lowering 
the water activity (aw) of the system by working in organic solvents or other low-water 
systems (e.g. ionic liquids).
28,29
  
CALB can accept several types of acyl-donors, e.g.: esters, acids, thioesters, carbonates and 
carbamates,
30,31
 displacing unique features in terms of substrate specificity and region and 
chemo selectivity.
32
 Substrate specificity is expressed by the specificity constant (kcat/KM)
33
 
and referred as the ability of the enzyme in catalyzing the conversion of a substrate. 
Differently, the selectivity is defined as the ability of an enzyme to discriminate between two 
different substrates. The selectivity is expressed by the ratio of substrates‟ specificity 
constants (kcat/KM)A/(kcat/KM)B. 
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There are different types of selectivity displayed by CALB, such as: 
 Chemoselectivity: Defined as the capability of an enzyme to discriminate between 
substrates having different chemical groups. For example Candida antarctica lipase B 
(CALB) shows 100 times higher selectivity for alcohols than for thiols in 
transacylation reactions, although thiols are stronger nucleofiles.
34
 
 Regioselectivity: Defined as the capacity of an enzyme to be selective for one of two 
similar groups on the same substrate molecule. For Example Candida antarctica 
lipase B (CALB) performs regioselective esterification of polyhydroxylated steroids.
35
 
 Stereoselectivity: Defined as the ability of an enzyme to show selectivity between 
stereoisomers of a chiral substrate molecule. This means that one of the isomers reacts 
faster than the others. For Example Candida antarctica lipase B (CALB) performs 
stereoselective esterification of several seconday alcohols.
36
 
 
Thanks to its features this enzyme has been employed intensively as a regio-selective catalyst, 
first of all to selectively acylate different carbohydrates.
37,38
  Nowadays, however, the most 
extensive area of use of CALB is in the resolution of racemic alcohols, amines, and acids and 
in the preparation of optically active compounds from meso reactants.
39,40,41
  
Thanks to CALB‟s selectivity and specificity this lipase can be potentially employed in a 
number of other synthetic reactions, leading to the formation of complex structures and for 
this reason it has been exploited extensively also in polymer chemistry.  
 
2.2.3 Enzymatic Polymerizations 
In vitro enzyme-catalyzed synthesis of polyesters has several marked benefits over 
conventional chemical polymerizations:
42,43,44
 i) high selectivity with consequent advantage of 
reducing the incidence of tedious and expensive protection/deprotection strategies;
45,46,47
 ii) 
moderate reaction conditions;
48
 iii) no need for a strict exclusion of air and/or moisture and 
iv) non-toxic nature of the catalysts. Thanks to these features, the application of enzymes in 
polymer chemistry permits to reach highly structured polymers characterized by a low 
polydispersity which would be very hard to obtain through classical chemical routes.  
It is crucial to underline that the application of enzymes in polymer chemistry does not 
necessarily aim at the achievement of products with high molecular weight, but rather at the 
synthesis of structured oligomers to be exploited as building blocks via chemical 
polymerization and hence at the production of innovative materials.  
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Hydrolases are the most-investigated enzymes polymerization reaction. This class includes 
glycosidases, which are used in the synthesis of polysaccharides; proteases, which can be 
used for peptide bond formation, and lipases. On this respect lipases and in particular CALB, 
represent the first choice biocatalysts and have been extensively applied to the synthesis of 
polyesters endowed with a broad range of structure and properties, starting from monomers 
such as sugars, polyalcohols, lactones and glycerol. CALB performs polymerizations through 
two mains mechanisms: ring-opening polymerization (ROP) and 
polycondensation.
44,49,50,51,52,53,54,55 
 
2.2.3.1 Enzymatic ring-opening polymerization (ROP) 
Ring-opening polymerization is an important route for polymer synthesis, since leaving 
groups, which generally can limit monomer conversion or degree of polymerization, are not 
generated during polymerization. Enzymatic ROP is a form of transesterification (see Figure 
3). Commonly, cyclic esters (lactones) are used as substrate and are opened by the enzyme. In 
this specific case the lactone‟s acyl carbon undergoes a nucleophilic attack from the primary 
alcohol group of CALB serine, thus opening the lactone and forming the acyl-enzyme. 
Subsequently, the nucleophile, e.g. a alcohol (R-OH) can attack the “acyl-enzyme” forming a 
tetrahedral intermediate which will release the ester product while the enzyme is 
regenerated.
56,57 
 
The nucleophile, R-OH, that is necessary to regenerate the enzyme and create the (ring-
opened) product, can be considered as the initiator of the polymerization (Figure 4). This 
initiator can be water or any other nucleophile (such as alcohols, amines and thiols).
58
 The 
ring-opened product that is formed after one catalytic cycle consists of a hydroxyl-moiety on 
one side and the initiator-functionality on the other. In a succeeding catalytic cycle, new 
substrate is activated by the enzyme. Propagation occurs by a nucleophilic attack of the 
hydroxyl-moiety of the ring-opened product from the previous cycle. 
O
O
R OH
CALB
Initiation
R
O OH
O
R
O OH
O
O
O
CALB R
O O
O
+
+ OH
O
n
Propagation
 
Figure 4 Enzymatic ring opening polymerization (eROP) of cyclic esters (lactones) proceeds in two steps, 
namely initiation and propagation. 
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In addition to monomer activation, also the ester bond of the polymer can be activated, 
forming the enzyme-activated polymer chain (EAPC) which can be transferred to the terminal 
hydroxyl functionalisation of another chain (Figure 5).
59
  
  
Polyester chain + CALB-OH
CALB
R
O OH
O
q
O O
O
m
R
O OH
O
n
R
O O
O O
n
CALB-OH
R'
O
m
R'
EAPC
 
Figure 5 Transfer of polymers chains by EAPC formation. 
 
The first example of ROP was published in 1993, when Knani and coworkers and Kobayashi 
and coworkers independently reported on ring-opening polymerization of ε- caprolactone (ε-
CL) catalyzed by lipase.
60,61
 The molecular weight of the obtained PCL was low (Mn < 2000 
g/mol) and polydispersity typically exceeded 5. Since then, several lipases were screened to 
perform ROP, transesterification, and polycondensations. An extensive summary of the 
lipases investigated in enzymatic polymerizations was published by Kobayashi and Gross first 
and updated by Albertsson successively.
62,63,64
 Over the last ten years, most groups have used 
Novozym 435 for ROP. Novozym 435 is a commercially available Candida antarctica Lipase 
B, (CALB), immobilized on a macroporous crosslinked resin of poly(methyl methacrylate) 
(Lewatit VP OC 1600, Bayer). Novozym 435 is produced by Novozyms A/S and it is 
probably the most widely applied lipase in organic chemistry. The immobilized enzyme is 
thermostable and a robust catalyst with activity in various organic solvents. Although 
Novozym 435 is used in industrial processes as a catalyst in the production of simple esters 
and amides and in the regioselective synthesis of carbohydrate monoesters, it is primarily 
used as a highly enantioselective catalyst in the synthesis of optically active alcohols, amines 
and carboxylic acids.
65
 
As lipases can catalyze polycondensations, polytransesterification reactions, and ring-opening 
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polymerizations, a large group of monomers can be applied for the purpose. At this regard 
ROP needs cyclic monomers such for example lactones. ROP of non-substituted lactones has 
been reported for almost all ring sizes, from 4-membered to 17-membered,
 
additionally 
substituted lactones, cyclic carbonates, and cyclic diesters have been demonstrated to be 
enzymatically polymerized too.
66
  
 
2.2.3.2 Enzymatic polycondensation 
Lipase-catalyzed polycondensation involves a much broader substrate range in comparison 
with the ROP, since many dicarboxylic acids or their derivatives, (e.g. glycols and oxyacids) 
or their esters can be successfully employed for such polymerization.
67
  
Condensation polyesterifications are chemically performed by ester-interchange reactions or 
by direct esterification of hydroxyacids or diacid/diol combinations.
68
 The employment of 
chemical catalysts for these reactions requires harsh conditions (e.g., temperatures > 200 °C) 
and metal catalysts are potentially problematic for certain product end uses.
69
 These 
conditions can limit product molecular weight and reduce available building blocks, as many 
are unstable at such temperatures. For example, the condensation polymerization of 2-
allylpropane-1,3-diol with adipic acid, catalyzed by Ti-(OtPr)4 (220 °C under nitrogen), 
produces a yellow gel, suggesting that side-reactions and decomposition occurred.
70
 In 
contrast, lipase-catalyzed condensation polymerizations are metal free and function at 
moderate temperatures preventing product decomposition.  
Polycondensation of diols and dicarboxylic acids, or their esters, behaves differently from 
ROP since the involved monomers have the same functionality in both ends. The procedure of 
the propagating step occurs through alternating binding of a dicarboxylic acid, or their esters, 
and a diols. Whole polyester chains can also be linked together, resulting in a fast increase in 
degree of polymerization. This differs from ROP which propagate in a chainwise fashion with 
a single monomer at a time. The propagation in a polycondensation can thus proceed in both 
ends of the growing polyester chain, while a ROP propagates only from one end. The 
acylation step starts with the nucleophilic attack of the catalytic serine on one of the groups in 
the dicarboxylic acid or ester, working as an acyl donor; than the nucleofile, commonly a diol, 
attacks this acyl enzyme to form a second tetrahedral intermediate; dissociation of this 
intermediate releases the new ester. Later in the reaction the substrate will compete with 
several reaction intermediates that can function as acyl donors.  
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The enzyme-catalyzed polycondensation is a reversible reaction. As a consequence, the 
thermodynamics of the reaction must be modified for shifting the equilibrium towards the 
formation of the product in order to achieve high conversions and yields. The equilibrium of 
the polycondensation can often be shifted by the removal of co-products, like water or 
alcohols. Therefore the control of water activity (aw) is crucial to obtain not only high yields 
but also products with high molecular weight.
71
 
 
2.2.4 Tailored and functionalized polyesters 
Currently there is an increasing demand for highly structured polyesters characterized by a 
regular presence of functional groups to be employed mainly in drug formulations. Control 
over copolymer microstructure is critical to the ultimate goal of tailoring the physical, 
mechanical, and biological properties of this kind of products. Hydroxyl-, thiol- or carboxyl-
functional pendant groups along the macromolecular chains facilitate covalent anchorage of 
pro-drugs.
72
 Polyesters based on polyols and dicarboxylic acids are useful also in formulating 
products such as skin crèmes and cosmetics. In such formulations, the polyesters normally 
function as thickeners or softeners. 
By changing monomers ratios of copolymers or the chemical structures of the pendant groups, 
their properties, such as hydrophobic/hydrophilic balance, degradation rate, can be adjusted 
for the need of different applications. Furthermore, by post-modification of pendant 
functional groups, novel comb, graft or network polymers can be prepared. However, these 
chemical processes involve several steps including protection/deprotection and purification of 
intermediates. Enzymes have demonstrated to be able to catalyze specific reactions to provide 
new polymeric materials, which are difficult to obtain by conventional methods. There are 
numerous reports on chemical routes to the synthesis of these functional polyesters by ring-
opening polymerization (ROP) and polycondensation and several examples can be found in 
the area of end-functional polymers.
73,74,75,76,77,78,79
 In particular, the lipase catalysed 
polycondensation allows for an efficient, one step, bulk reaction in which controlled structure 
polyesters, available for further crosslinking can be synthesized.
80
  
Nowadays there is an increasing interest in the synthesis of polyester macromonomers based 
on a variety of monomers with different functional groups. This calls for simple one-pot 
processes with high monomer conversion and well defined polymer products.  
To go more in detail, thiol-ene chemistry has recently been one the most popular area of 
research and shows promise in a number of applications including: dentistry,
81
 micro-
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electromechanical systems,
82
 surface grafting,
83
 film patterning,
84
 thermoplastics,
85
 and 
degradable materials.
86
 Thiol-ene UV curing is an excellent way for a fast production of 
thermoset and film plastics.
87
 The photopolymerization rapidly takes place in air compared to 
traditional acrylates and the addition of photoinitiator increases the speed of photocure.
88-90
 
There is the possibility to tune the properties of the final film with a wide variety of ene or 
thiol monomers which are steadily becoming more numerous in their commercial availability. 
By modifying the crosslinking density it is possible to alter the thermal properties of the final 
product; additionally, in most cases, thiol-ene films show excellent weathering resistance.  
In order to expand this to renewable polymers many researchers are looking for a one-pot 
route to achieve end-functional polyesters by lipase catalyzed polycondensation.
91
 The main 
focus is to develop a method with the potential to generate a large number of polyester 
macromonomers for polymer network applications. At this regard our work has focused on 
the development of an economic and environmentally friendly process for the direct synthesis 
of tetraallyl functionalised oligoesters to be applied in thiol-ene films production. In particular 
the most important goal was to obtain a one-pot one-step solventless route to synthesize 
highly structured polyesters with controlled degree of polymerization. 
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2.3 Results and Discussion 
2.3.1 Rational for Reaction Conditions and Reactants 
This research focuses on the enzymatic synthesis of allyl-functionalized linear polyesters to 
be employed in thiol-ene chemistry through photopolymerization processes. A one-pot 
enzymatic route to synthesize pure allyl ether functionalized polyesters was developed. The 
main goal was finding a simple, clean and scalable route to synthesizing allyl ether 
functionalized oligomers. Since employment of CALB in enzyme catalyzed bulk 
polymerizations has been thoroughly investigated, we decided on this “green” route.92,93  The 
reaction was run in bulk at 60°C to keep the viscosity of the system low, facilitating 
homogeneity of the system and good diffusion of reactants. Reduced pressure (72 mbar) was 
employed during the reaction to remove water present in trace amounts, since the reactants 
were not pre-dried, and the side product of the condensation. Magnetic stirring was employed 
to guarantee a homogeneous system. TMPDE was chosen as the end capping monomer since 
allyl ether functionalized polyesters have an increasing impact on polymer chemistry in terms 
of the expanding research in the field of thiol-ene network formation, with a tenfold increase 
in the number of citations in the past decade.  
2.3.2 Enzymatic one-pot bulk synthesis of tetra-allyl ether functionalized PBA 
The reagents 1,4-butanediol, adipic acid divinylester and TMPDE were mixed in different 
ratios, without pretreatment, employing an immobilized preparation of Candida antarctica 
lipase B (Novozym 435). Novozym 435 has been found to be an efficient catalyst system and 
3.5 % w/w was added to the reaction (with respect to the total amount of monomer 
employed).
94,95
 Previous research has already demonstrated that less than 5 wt% immobilized 
enzyme is sufficient for reaction completion.
96
 Reactions were performed in round bottom 
flasks under magnetic stirring and reduced pressure (72 mbar) at 60 C for 24 h in bulk. Vinyl 
esters were chosen to achieve a fast route with quantitative conversion of monomers and end-
cappers. We are currently developing enzymatic routes based on cheaper and less toxic 
unactivated monomers like ethyl esters and acids for large scale applications. 
The presence of the tetra-allyl ether functional end-groups on the tAE-polymers produced was 
confirmed by 
1
H NMR analysis (Figure 6). Signals at 5.87 (b), 5.25 (a1) and 5.15 (a2) ppm are 
characteristic of the allyl ether groups. There was also the disappearance of the signal at 3.6 
ppm corresponding to the methylene group adjacent to terminal hydroxyl groups on the 
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TMPDE moiety. The appearance of the signal at 4.08 ppm (g) is characteristic of the 
methylene of the formed ester group between the TMPDE combining with the main chain, 
confirmed that the acylation reaction went to completion. The polyester formation between 
butanediol and vinyl adipate, occurring within the polymer chain, was confirmed by 
appearance of the signal at 4.10 ppm (j).  Moreover, the disappearance of signals at: 7.26 
ppm, 4.89 ppm and 4.57 ppm (corresponding to a vinyl groups of vinyl adipate), 3.65 
(corresponding to the methylene groups adjacent to the hydroxyl group of butanediol), 3.6 
(corresponding to the methylene group adjacent to the hydroxyl group of the TMPDE 
reactant) confirm that the polymerization reaction between the monomers was effective and 
the product was a difunctional tetra-allyl linear polyester. The average degree of 
polymerization (DP) was calculated by comparing the integration of the peaks at 5.87, 5.25, 
5.15 ppm with the peak at 4.10 ppm from the NMR spectra.  
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Figure 6 
1
H NMR spectrum of tAE-PBA polymer, DP 8 (tAE-PBA-8) analysis done in CDCl3. 
 
The molecular weights (Mn) of the products were calculated from the average DP and 
confirmed by SEC. Conversion of substrates was found by NMR to be greater than 98 % for 
all components.  
To further investigate the chemical structure of the product MALDI analysis was performed 
(Figure 7). Observed peaks corresponded with the theoretical calculated molecular weight of 
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the tetrafunctional tAE-polymers. The repeating mass differences between the observed peaks 
were 200 Da, which is consistent with the molecular weight of a butanediol monomer 
esterified by adipate.   
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Figure 7 MALDI-TOF MS spectrum of tAE-PBA polymer, DP 8 (tAE-PBA-8). 
 
In addition to a summary of the Mn and DP values calculated from 
1
H NMR, the Mn and PDI 
values determined by SEC are presented in Table 1. The values calculated from NMR are in 
good agreement with the targeted theoretical Mn and DP.  
 
Table 1 Mn, DP and PDI of the tAE-PBA polymers. [a] A = Adipic Acid; B = 1,4-butanediol, 
C=TMPDE; [b] Calculated using NMR spectroscopy (theoretical values within the brackets);  
[c] Calculated from SEC (THF 1 ml/min, PS standards). 
Resin 
Ratio 
A:B:C
[a]
 
DP
[b]
 
 
Mn
[b]
 
(g mol
-1
) 
Mn (PDI)
[c]
  
(g mol
-1
)  
tAE-PBA-4 5:4:2 3.9 (4) 1300 (1300) 1500 (1.6) 
tAE-PBA-8 9:8:2 8.6 (8) 2300 (2100) 2500 (1.9) 
tAE-PBA-12 13:12:2 13.8 (12) 3300 (2900) 2400 (2.2) 
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It was found that as the targeted DP increases, the experimental value deviates more from the 
theoretical. It is proposed that this is due to the slight error in stoichiometric ratio of reactants 
that is present in any system, an error that becomes progressively greater at higher degrees of 
polymerization.
97 
The SEC analysis of the crude products was performed in THF against the 
polystyrene standards. The Mn of tAE-PBA-4 observed by SEC was in good agreement with 
the value calculated by NMR. However, once the PDI increases, as for tAE-PBA-8 and tAE-
PBA-12, the Mn deviates more due to the differences in the structure in comparison to the 
polystyrene standard used for conventional calibration,Table 1. 
2.3.3 Film Formation, Crosslinks and FT-Raman Spectrocopy 
The polymers, tAE-PBA 4, 8 and 12, were homopolymerized or polymerized by combining 
with a crosslinker: dithiol or tetrathiol. Nine different films were formed for this study (Table 
2).  
Table 2 Naming scheme of tetraallyl ether functional poly(butylene adipate) (tAE-PBA polymers) 
and films based on them. [a]Homopolymerized, [b]Co-polymerised with ethylene 
bis(mercaptoacetate) (dSH), [c]Co-polymerised with pentaerythritol tetra(3-mercaptopropianate) 
(tSH). 
Degree of 
Polymerization 
tAE-PBA  PBA film
[a]
 dSH-PBA film
[b]
  tSH-PBA film
[c]
 
 
 
4 tAE-PBA-4 PBA-4 film dSH-PBA-4 film tSH-PBA-4 film 
8 tAE-PBA-8 PBA-8 film dSH-PBA-8 film tSH-PBA-8 film 
12 tAE-PBA-12 PBA-12 film dSH-PBA-12 film tSH-PBA-12 film 
 
Due to the degradative chain transfer and slow propagation rate that is characteristic of allyl 
ether groups, the tAE-PBA homopolymers show a low conversion of allyl ether groups.
98
 
This conversion decreased from 42, 26, and 21 % as the DP increased from tAE-PBA-4, tAE-
PBA-8, and tAE-PBA-12 respectively. This decreasing degree of conversion could be an 
effect of the lower fraction of functional groups per volume as the molecular weight of the 
main chain gets larger. The thiol-ene films had high conversion values for both the thiol and 
allyl ether functionality of 96-99%, indicating that this was a very efficient reaction, most 
likely facilitated by satisfactorily molecular mobility. The complete disappearance of the 
allyl-ether band after cure is shown in Figure 8. 
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Figure 8 Raman spectra of dSH-tAE-4 before and after crosslinking. 
2.3.4 Thermal Properties of the Polymers and Networks 
The glass transition temperature (Tg), the enthalpy of fusion (Hf) and melting transition 
temperature (Tm) values of the tAE-PBA polymers and the cured films were determined by 
DSC from the second heating and given in Table 3. The relative amount of crystallinity which 
can be inferred from Hf was slightly higher for tAE-PBA-8 as compared to tAE-PBA-12, 
which is likely due to the lower PDI of tAE-PBA-8.  
 
Table 3 Thermal properties of the tAE-PBA polymers and PBA networks as determined by DSC. 
(NA= no thermal transition was detected). 
Product 
Tg (°C) Tm1 
(°C) 
Tm2 
(°C) 
∆Hf (J/g) 
tAE-PBA-4                                                                                                             -29 19 32 30
tAE-PBA-8 NA 33 44 46 
tAE-PBA-12 -41 43 51 42 
PBA-4 film -24 21 30 24 
PBA-8 film -38 32 43 41 
PBA-12 film NA 42 49 34 
dSH-PBA-4 film -42 NA NA NA 
dSH-PBA-8 film -48 28 40 <2 
dSH-PBA-12 film -50 37 NA 21 
tSH-PBA-4 film -31 NA NA NA 
tSH-PBA-8 film -44 48 55 <1 
tSH-tAE-12 film -47 32 49 2 
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The crystallinity is preserved in the homopolymerized films due to the low conversion. The 
films all show quite low Tgs that are typical for polyesters and tend to decrease further with 
higher DP. For some products, the Tg was not observed as a result of a broad transition that 
could not be observed by this method. Nevertheless, it can be concluded that the Tg value 
decreased with increasing DP. This is unexpected since with higher molecular weight chains, 
there are fewer end groups to add free volume, thus lowering the Tg. It is suggested that this 
trend of lower Tg values as DP goes from 4 to 8 to 12, could be due to the increasing PDI 
values, yeilding a more heterogeneous mix of chains as observed by Ahmed et al.
99
  
Two peaks originating from melt transitions can be observed in the thermograms, that may be 
attributed to two crystal morphologies (Figure 9).
100
 These two peaks were reported as Tm1 
and Tm2 (Table 3). There is generally an increase in Tm with increasing DP indicating larger 
crystallites. In the homopolymerized films there is reduced crystallinity compared to the tAE 
polymer because the chains lose mobility by being bound into a network. Even less 
crystallinity of the thiol-ene films is observed due to the high conversion that locks the chains 
into a network structure preventing the formation of crystalline domains. 
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Figure 9 Thermal properties of the tAE-PBA-4, tAE-PBA-8 and tAE-PBA-12 obtained by DSC. 
The degradation profile and temperature (Td) of the polymers and networks were determined 
by TGA (Figure 10). TGA analysis indicated that at 200°C all components of the tAE-PBA-
polymers and PBA-films have not degraded and no small molecule was detected as volatiles. 
At 300°C, the thiol-ene films, having high degrees of conversion (dSH-tAE and tSH-tAE 
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films), lose less weight than the tAE-PBA polymers and the homopolymerized PBA films. 
These two latter materials have unreacted components that volatilize before degradation. 
Thiol-ene films have typically shown to have high heat resistance.
101
 Between 300°C and 400 
°C, tAE-PBA polymers and films based on them begin to degrade. An example is shown in 
Figure 10. 
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Figure 10 Thermal degradation profiles obtained by TGA. 
2.3.5 Visco-elastic properties of the films 
To examine the physical properties of the formed films with different degrees of conversion 
and crosslink density, DMA was performed. The homopolymerized films were quite delicate 
due to their thinness, despite the high degree of conversion. Only the thiol-ene films based on 
were able to be measured by this method, but these measurements gave an indication of the 
visco-elastic properties of the films formed in this study. In Figure 11 the modulus of the 
films in the glassy state is around 1000 MPa irrespective of composition. The rubbery 
modulus of PBA-4 films occurs above -20°C. PBA-8 and PBA-12 films exhibit a secondary 
transition indicating the melting of crystals at 50 and 70°C respectively. The rubbery plateau 
of PBA-8 film above the crystalline melting point is lower than PBA-4 indicating a lower 
density of cross links in the network. The rubbery plateau of PBA-12 films were not possible 
to determine due to instrumental limitations (i.e., too weak films). To conclude, the results 
indicate that the polyester DP has a larger impact on the mechanical properties than the thiol 
 
22 LIPASES FOR THE SYNTHESIS OF STRUCTURED POLYESTERS 
cross linker functionality. Unsaturated cross linked polyesters have typical storage modulus 
values at temperatures below their Tg of 2–4 GPa.102 Our polymers are comparable at 
temperatures below their Tg, however since room temperature is above the Tg, the storage 
modulus is lower at ambient conditions. 
 
Figure 11 Storage modulus as a function of temperature of dSH and tSH-PBA 4, 8, 12 film. 
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2.4 Experimental Section 
2.4.1 Materials 
Novozym 435 (Candida antarctica Lipase B (CalB), 1,4-butanediol (99% purity) and acetone 
(> 99.5% purity) were purchased from Sigma Aldrich, Sweden. Divinyl adipate (> 96% 
purity), was purchased from TCI Europe, Belgium. Trimethylolpropane diallyl ether 90 
(TMPDE) was kindly supplied by Perstorp, Sweden. All reagents, with the exception of 
TMPDE, were used without further purification. Heptane and ethyl acetate were purchased 
from Merck, Sweden. The dithiol, ethylene bis(mercaptoacetate) (dSH), was obtained from 
Sigma Aldrich, Sweden. The tetrathiol, pentaerythritol tetra(3-mercaptopropianate) (tSH), 
was obtained from Bruno Bock Chemische Fabrik GmbH & Co, Germany. The initiator, 2,2-
dimethoxy-2-phenylacetophenone (Irgacure 651), was received from Ciba, Sweden, and 
chloroform  was purchased from Fisher Scientific, Sweden. 
2.4.2 Purification of TMPDE by medium pressure column chromatography 
(MPLC) 
TMPDE 90, as received was a product which contained three different compounds, having 
one, two or three allyl ether functionalities. Separation was achieved by medium pressure 
column chromatography 10g of TMPDE 90 was charged on a silica gel column, (with a 
capacity of 500mL). An acetate (EtOAc)-heptane gradient was used to fractionate the 3 main 
products of TMPDE 90. The fractions were analyzed by TLC and the solvent was evaporated 
in a rotary evaporator. TMPDE eluted at 5:95 (EtOAc:heptane), with an Rf = 0.7 in 50:50 
(EtOAc:heptane), similar to work done by Simpson et al.
103 1H and 13C NMR analysis 
confirmed the purity (98 %) of the final product, trimethylolpropane diallyl ether which was 
utilized further in film formation. The obtained yield was around 65%. 
2.4.3 Synthesis of tAE-PBA by enzymatic catalysis 
tAE-PBA-4. Divinyl adipate (1.6 g, 8.0 mmol), 1,4-butanediol (0.58 g, 6.4 mmol) and 
TMPDE (0.69 g, 3.2 mmol) (scale 2.9 g, ratio 5:4:2 equivalents, theoretical DP 4) were mixed 
in a 25 mL round bottom reaction flask. 100 mg of Novozym 435 (3.5% w/w) was added and 
the reaction was conducted for 24 h at 60 °C under reduced pressure (72 mbar) with magnetic 
stirring (Figure 12). These conditions permit removal of the secondary products formed, 
acetaldehyde and trace amounts of water, during the reaction in the form of a gas.  About 100 
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mg of crude product was dissolved in CDCl3 and analyzed by NMR. The product was then 
dissolved in 20 mL of acetone and the immobilized enzyme was filtered out using a glass 
microfibre filter. Acetone was evaporated to recover the final product. The product was a 
white crystalline compound at room temperature.  
 
tAE-PBA-8. Divinyl adipate (1.8 g, 9.0 mmol), 1,4-butanediol (0.72 g, 8.0 mmol) and 
TMPDE (0.43 g,   2.0 mmol) (scale 2.9 g, ratio 9:8:2 equivalents, theoretical DP 8) were 
mixed and the reaction performed as described for tAE-4. 
 
tAE-PBA-12. Divinyl adipate (1.8 g, 9.0 mmol), 1,4-butanediol (0.76 mg, 8.4 mmol) and 
TMPDE (0.30 g, 1.4 mmol) (scale 2.9 g, ratio 13:12:2 equivalents, theoretical DP 12) were 
mixed and the reaction performed as described for tAE-4.  
  
Figure 12 One-pot enzymatic route to tAE-functional poly(butylene adiapte) (tAE-PBA), reaction scheme 
and synthesis of film. (n=DP 4, 8, and 12). 
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2.4.4 Film formation and Photopolymerization of tAE-PBA with dSH or tSH 
The dithiol, ethylene bis(meraptoacetate) (dSH), and tetra thiol, pentaerythritol tetra(3-
mercaptopropianate) (tSH), were each mixed with tAE-PBA-polymer of three different 
degree of polymerization (DP) values.  The use of two different thiol moieties, of di and tetra 
thiol functionality, was conducted in order to examine the difference in conversion and 
correlating network thermal properties depending upon the DP of tAE-polymer and the thiol 
monomer functionality. The initiator was added to speed cure, and to facilitate leveling the 
mixtures were diluted with 70 wt% chloroform. Films were applied using a 150 µm 
applicator, yielding a dry film thickness of 40-60 µm. Glass microscope slides were used as 
received. The drawn films were left for 10 minutes in a dark room in order for solvent to 
evaporate, and then UV cured. The ratio of thiol-ene functionality in all films is 1:1.  This 
yielded six thiol-ene films. 
An example formulation based on the dithiol includes ethylene bis(meraptoacetate) (61.7 
mg, 0.294 mmol), tAE-PBA-4 (200 mg, 0.147 mmol), 2 wt% of 2,2-dimethoxy-2-
phenylacetophenone, and 70 wt% CHCl3.  An example preparation of the thiol-ene films 
based on the tetrathiol moiety is as follows: pentaerythritol tetra-3-mercaptopropionate (71.7 
mg, 0.147 mmol), tAE-PBA-4 (200 mg, 0.147 mmol), 50 wt% CHCl3, and 2 wt% of the 
photo-initiator 2,2-dimethoxy-2-phenylacetophenone.  
Further, the tAE-PBA-polymers were homopolymerized to determine the reactivity of the 
allyl ether groups and to elucidate the effect, if any, of DP on film formation, chemical 
conversion, and physical properties.  This yielded 3 homopolymerized films based on allyl 
ether functional polymers (PBA-films, Table 3). 
Each sample was passed under a UV Fusion Conveyor MC6R equipped with Fusion electrode 
less bulbs standard type BF9 lamp five times with a line speed of 1.62 m min
-1
 to give an 
overall dose of 1.18 J cm
-2
. The intensity was determined with a UVICURE
®
 Plus from ET, 
Sterling, VA. The obtained films were transparent with smooth surfaces. The films were 
placed under reduced pressure for 24 h at 50
o
C after cure to ensure complete removal of any 
volatiles.  
 
 
26 LIPASES FOR THE SYNTHESIS OF STRUCTURED POLYESTERS 
2.4.5 1H and 13C NMR Analysis 
In order to elucidate the structures of the formed polymers and determine purity and 
molecular weight, 
1
H and 
13
C NMR analysis was performed on a Bruker AM 400/52 MHz 
utilizing deuterated chloroform containing 1 vol.% TMS as an internal standard. 
TMPDE was identified by 1H NMR corresponding to the spectrum reported for TMPDE in 
work done by Simpson et al.
104
  
 
tAE-PBA: 
1
H NMR (400 MHz, CDCl3, in ppm): 5.87 (H, m, CH2-CH=CH2), 5.25-5.15 (2H, m, -
CH=CH2), 4.10  (2H, t, CH2-CH2OC(O)), 4.03 (2H, s, C-CH2OC(O)), 3.93 (2H, m, -O-CH2-
CH=), 3.31 (2H, s, -C-CH2O-), 2.33 (2H, t, -OC(O)CH2CH2-), 1.70 (2H, m, -OC(O)CH2CH2-
), 1.67 (2H, m,CH2-CH2OC(O) ), 1.44 (2H, q,CH3-CH2-C ),  0.86 (3H, t,CH3-CH2C). 
 
13
C NMR (400 MHz, CDCl3, in ppm): 173.5 (-OC(O)CH2CH2-), 135.2 (-CH=CH2), 116.6 
(-CH=CH2), 72.5 (-O-CH2-CH=CH2), 70.5 (-CH2-O- CH2-C-), 65.1 (-C-CH2O-), 64.1 (-O-
CH2-CH2-), 42.5, 34.2 (CH3-CH2-C), 34.1 (-OC(O)CH2CH2-), 25.5 (-O-CH2-CH2-), 24.7 (-
OC(O)CH2CH2CH2-), 24.6 (-OC(O)CH2CH2CH2-), 23.2 (CH3-CH2-C) , 7.8 (CH3-CH2-C). 
2.4.6 Size Exclusion Chromatography (SEC) 
The polymers were analyzed using SEC in order to evaluate the molecular weight and 
polydispersity index. THF (1.0 mL  min-1) was used as the mobile phase at 35C using a 
Viscotek TDA model 301 equipped with two GMHHR-M columns with TSK-gel (mixed bed, 
MW resolving range: 300-100 000) from Toshoh Biosep.  Further employed were a VE 5200 
GPC autosampler, a VE 1121 GPC solvent pump, and a VE 5710 GPC degasser (all from 
Viscotek Corporation). The SEC apparatus was calibrated with linear polystyrene standards, 
and toluene was used as an internal standard. The polymer, 20 mg, was dissolved in 1 mL of 
hot THF, and filtered with a 0.45 µm Teflon filter before being analyzed. 
2.4.7 Matrix-assisted Laser Desorption/ionisation-Time of Flight Mass 
Spectrometry (MALDI-TOF-MS) 
 In order to confirm the repeating unit and acquire an understanding of the distribution of the 
polymer lengths, MALDI-TOF-MS was implemented.  Specifically, a Bruker UltraFlex 
MALDI-TOF-MS was used with a SCOUT-MTP Ion Source (Bruker Daltonics, Bremen) 
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equipped with a N2 laser (337 nm), a gridless ion source and reflector design. All spectra were 
acquired using a reflector-positive method with an acceleration voltage of 25 and a reflector 
voltage of 26.3 kV. Sample preparation included a solution of 20
 
mg of the polymer in 1 mL 
of CHCl3. 5 L of this dilution was combined with 20 L of 0.1 M solution of 2,5-
dihydroxybenzoic acid and 0.1 mM of sodium trifluoro acetate in THF. Subsequently 1 L of 
the solution was spotted on the MALDI target and was left to crystallize at room temperature. 
Typically, 50 pulses were acquired for each sample. 
2.4.8 Dynamic Mechanical Thermal Analysis (DMTA) 
 To examine the physical properties of the dSH-tAE-PBA and tSH-tAE-PBA films with 
different degree of polymerization and crosslink, DMTA was performed on a TA-instruments 
Q800 equipped with a film tensile clamp. Film tension DMTA measurements were performed 
between -50 and 80C on rectangular dried film samples (4 x 0.1 mm, w x t), with a heating 
rate of 3C min-1. The tests were performed in controlled strain mode with a frequency of 1 
Hz, oscillating amplitude of 20%, and a force track of 120%. 
2.4.9 FT-Raman Spectroscopy 
 FT-Raman spectra were acquired for all samples using a Perkin-Elmer Spectra 2000 NIR-
Raman instrument with Spectrum software to determine the degree of unsaturation remaining 
in the crosslinked films. Each spectrum was based on 16 scans using 1500 mW laser power. 
Percent conversion was calculated by normalizing all spectra to the ester carbonyl band at 
1730 cm
-1
 then taking the ratio of the band 2600-2550 cm
-1
 resulting from the –SH functional 
group and the band at 1660-1630 cm
-1
 resulting from the allyl ether functional group in the 
unreacted spectrum and reacted spectrum.  
To determine the percentage of conversion in the UV-cured films, FT-Raman spectroscopy 
was performed before and after UV-cured films formation having been placed under reduced 
pressure for 24 h at 50 °C to get rid of the last traces of solvent.  The percent conversion was 
calculated using the following equation, in which A is the area of the peak before and after 
cure.  
before
afterbefore
convertion
A
AA 
%  
Percent conversion. 
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2.4.10 Differential Scanning Calorimetry (DSC) 
The thermal properties of the polymer and networks were analyzed by DSC. The experiments 
were performed on a Mettler Toledo DSC 820 equipped with a sample robot and a cryocooler. 
The DSC runs were carried out in closed sample pans in air, using the following temperature 
program; heating from 25°C to 80°C (200 °C min
-1
), isothermal for 5 min at 80°C, cooling 
from 80°C to -70°C (-200°C min
-1
), isothermal for 5 min at -70°C, then a second heating  
cycle from -70 to 130 °C (10°C min
-1
).  
The melt enthalpy was determined from the integration of the Tm peak of the second heat, and 
the onset of the glass transition temperature (Tg) was recorded. 
2.4.11 Thermogravimetric Analysis (TGA) 
The thermal degradation properties of the polymer and networks were analyzed by 
Thermogravimetric Analysis. The TGA runs were carried out in ceramic sample pans, under 
N2 atmosphere. The samples were heated from 25-600 °C at 10 °C min
-1
 using a Mettler 
Toledo thermogravimetric analysis equipped with a sample robot. The typical sample size 
was approximately 6 mg. 
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2.5 Conclusions 
In this study a novel tetra functional allyl ether polymer was synthesized in a one-pot one-step 
bulk synthesis method with 95% conversion as found by 
1
H NMR.  
Enzyme-assisted synthesis has demonstrated to guarantee the DP control tailoring the 
stoichiometric ratio of reagents. 
1
H NMR confirmed the pronounced degree of control over 
the Mn and DP of the tAE-PBA polymers since the experimental values are very close to the 
theoretically targeted values.  
MALDI-TOF MS spectra have verified that the product is pure with a mass difference of 200 
Da between successive peaks, corresponding to the molar mass of each repeat unit. UV-cured 
thermoset thiol-ene networks formed from the tetra functional allyl ether polymers, combined 
with a di- and tetra- functional thiol, have demonstrated to be characterized by a very high 
degrees of conversion (96-99% of functional groups) as determined by FT-Raman.  
Films based on high molecular weight or higher DP tAE-PBA have more crystalline character 
due to the fact that longer aliphatic segments are more prone to crystallize, and this gives 
strength to the films so that visco-elastic properties could be measured by DMTA.   
The crystallinity of the Tm has showed two peak maximums within the DSC exotherm 
suggesting the co-existence of different crystal morphologies. Overall the thiol-ene films are 
characterized by a very high degradation temperature. 
All the polymers have high potential as coatings in industry due to the many benefits of 
enzyme catalysis including the advantages of energy saving compared to conventional 
polymerization methods, with lower number of steps and mild reaction conditions. Using this 
enzyme catalyzed polymerization, molecular weights, functional groups, and backbone 
chemical character can be tuned. The resulting films formed from these engineered polymers 
can be tuned in terms of crystallinity, functionality, crosslink density, and subsequent 
elasticity. Application of these tetraallyl ether functional polymers in UV-cured thiol-ene 
films demonstrates the applicability of these novel polymers to numerous coatings 
applications.   
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3 LIPASES FOR THE SYNTHESIS OF “BIO-BASED” 
POLYESTERS 
3.1 Summary 
This chapter wants to extend the concept of “enzymatic synthesis of polyesters” to the use of 
renewable monomers. As a matter of fact, the general concept of condensation of diols and 
diacids has been already investigated by Roberts and al.
70
 and transferred at industrial scale 
by Baxenden Chemicals (U.K.), although with some unresolved technical problems which 
caused the recent closing of the industrial plants.
105,106
 
Here the applicability of the enzymatic technology to the polycondensation of glycerol and 
adipic acid is investigated, whereas the technological problems related to industrial 
applicability of the process will be the subject of Chapter 4. 
Glycerol and adipic acid have been employed in a solvent-free system in order to make the 
process environmentally and economically sustainable. A comparative analysis of products 
obtained using two different enzymatic preparations has been performed in order to evaluate 
the possible effect of the biocatalyst over the final product features. Two adsorbed 
preparations of lipase B from Candida antarctica (CALB) were employed: commercially 
available Novozym 435 and CalB-A1 developed in our laboratory. After biocatalyst removal, 
oligomers were characterized and polycondensation was continued by pushing the reaction 
thermodynamically, namely by removing the produced water. This allowed increasing the 
molecular weight of the product. 
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3.2 Introduction 
3.2.1 Classification:  bio and bio-based polymers and plastics 
A Polymer is defined as an organic macromolecule composed of repeating units called 
monomers; differently a Plastic (or resin) is a formulated material of which polymers are the 
main component. As a consequence, the following four categories can be recognized: 
 
1. “Biopolymers”: naturally occurring and bio-synthesized polymers such as: starch, 
cellulose, chitin, proteins and polyhydroxyalkanoates (PHA).
107
 
2. “Bio-based polymers”: polymers obtained by polymerizing monomers from natural 
feedstock. The most typical product is polylactate, which is produced from lactic acid 
obtained from fermentation (thus from renewable sources) and then synthesized by 
chemical routes.
108
 
3. “Bioplastics”: plastics obtained by direct processing of naturally occurring polymers 
(biopolymers) (e.g. thermoplastic starch, rayon). 
4. “Bio-based plastics”: plastics obtained processing synthetic polymeric materials based 
on building blocks from natural feedstock (bio-based polymers).  
 
Biopolymers and bio-based polymers share the characteristic of being renewable materials, 
thus providing an alternative to polymers produced from fossil carbon sources. Ideally, such 
new materials should also meet the criteria of being bio-degradable.
109
 On that respect, 
polyesters are of particular interest due to the hydrolysable ester bonds. Polylactate, for 
instance, meets the criteria of being renewable and biodegradable. It is still manufactured on 
industrial scale via classical chemical ring-opening-polymerization of a cyclic diester 
(lactide),
110
 although many efforts have been performed to develop enzymatic 
methodologies.
111
  
 
3.2.2 Impact of bio-based polymers 
For several decades, plastics derived from fossil carbon sources have grown at a faster rate 
than any other group of bulk materials, and expectations are that this high growth trend will 
continue until 2020. Economically speaking, the total technical substitution potential (i.e. 
derived from the material property) set of each bio-based polymer and its petrochemical based 
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equivalent is estimated at 15.4 million tons for EU-15, or 33% of the total current polymer 
production. In absolute terms, bio-based polymers and plastics are projected to reach a 
maximum of 1.75-3.0 million tons by 2020.
 112
  These (physical) amounts are equivalent to an 
estimated maximum (monetary) production volume of roughly 3-6 billion EUR by 2020. 
Main applications of bio- and bio-based plastics are: shopping bags, organic waste bags, 
packaging films, rigid packaging, loose-fill, mulch film. The market share, however, is still 
very modest accounting less than 0.1% of the total plastic market. Aliphatic polyesters are 
particularly of interest due to their hydrolysable ester bond and there are many studies 
examining the biodegradation rate of a range of polyesters, mostly based on lactic acid 
derivatives.
113
 Moreover, increasing industrial interest in biodegradable polyesters for 
biomedical applications is boosting this new market overcoming the gap of price 
competitiveness.
114
 In particular the bio-based poly(butylene adipate) and its derivatives have 
been well studied in terms of the effects on aliphatic polyester biodegradation rates, thermal 
properties, and mechanical properties over time.
115
 
Unfortunately most of these products remain more expensive than crude oil based plastics 
which have been on the market for many years. Bio- and bio-based plastics are currently 
produced mainly in small production plants (total production capacity approx. 300,000 tons 
worldwide). Their development costs are high and they do not yet have the benefit of 
"economies of scale".  
 
3.2.3 Polymers and sustainable chemistry 
The concept of Green Chemistry, under development since the 1960s, was particularly 
expanded, refined, and implemented in the 1990s. Its focus is to minimize the environmental 
impact of manufacturing processes through careful management of feedstock, energy, waste, 
and products. The UN World commission on “Environment and Development in our 
Future”116 defines sustainability as: “the development which meets the needs of the present 
without compromising the ability of future generations to meet their own needs”.  
The principles underlying sustainable chemistry are summarized by Paul Anastas and John 
Warner in their 1998 publication “Green Chemistry: Theory and Practice”.117 Evaluating the 
environmental impact of polymers biodegradability is only part of the picture. Associated 
polymer manufacturing processes, such as polymer extraction and energy generation, are 
indeed critical to create an overall green process and hence must be taken in consideration. 
The 12 principles, as described by Anastas and Warner, are as follows: 
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1. It is better to prevent waste than to treat or clean up waste after it is formed. 
2. Synthetic methods should be designed to maximize the incorporation of all materials 
used in the process into the final product. 
3. Wherever practicable, synthetic methodologies should be designed to use and generate 
substances that possess little or no toxicity to human health and the environment. 
4. Chemical products should be designed to preserve efficacy of function while reducing 
toxicity. 
5. The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made 
unnecessary whenever possible and innocuous when used. 
6. Energy requirements should be recognized for their environmental and economic 
impacts and should be minimized. Synthetic methods should be conducted at ambient 
temperature and pressure. 
7. A raw material feedstock should be renewable rather than depleting whenever 
technically and economically practical. 
8. Unnecessary derivatization (blocking group, protection/de-protection, temporary 
modification of physical/chemical processes) should be avoided whenever possible. 
9. Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.  
10. Chemical products should be designed so that at the end of their function they do not 
persist in the environment and break down into innocuous degradation products. 
11. Analytical methodologies need to be further developed to allow for real-time in-
process monitoring and control prior to the formation of hazardous substances. 
12. Substances and the form of a substance used in a chemical process should be chosen 
so as to minimize the potential for chemical accidents, including releases, explosions, 
and fires. 
 
These principles present a multidimensional matrix to guide the design of individual 
components of any manufacturing process. Life-cycle analysis provides a means to measure 
how well the principles are being employed, and economics determines whether the process 
can be commercialized. These disciplines provide a tool to design, monitor, assess, and 
improve the sustainability of polymer production. Resources can then be focused on finding 
innovative solutions to lower the impact of polymer production making it more sustainable.
118
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3.2.4 Biodegradability and compostability 
It is more and more widely accepted that the use of long-lasting polymers for short-lived 
applications (e.g. packaging, catering, surgery, hygiene, etc.) is not entirely adequate. This is 
not justified when increased concern exists about the preservation of ecological systems. Most 
of today‟s synthetic polymers are produced from petrochemicals and are not biodegradable. 
These persistent polymers are a significant source of environmental pollution, harming 
wildlife when they are dispersed in the nature. For example, the effects of plastic bags are 
well known to affect the sea-life.
119
 Moreover, plastics have a large part on waste 
management, and the collectivities (municipalities, regional or national organizations) are 
becoming aware of the significant savings that the collection of compostable wastes would 
provide. Unfortunately valorizing the plastics wastes presents some issues: energetic 
valorization yields some toxic emissions (e.g., dioxin) and material valorization implies some 
limitations linked to the difficulties to find accurate and economically viable outlets. In 
addition, material valorization shows a rather negative eco-balance due to the necessity, in 
nearly all cases, to wash the plastic wastes and to improve the energy consumption during the 
process phases (waste grinding and plastic processing).
120
 For these different reasons, 
reaching the conditions of conventional plastic replacements by degradable polymers, 
particularly for packaging applications, is of major interest for the different actors of the 
socio-economical life (from the plastic industry to the citizen). The potential of biodegradable 
polymers and more particularly that of polymers obtained from agro-resources such as the 
polysaccharides (e.g. starch) have long been recognized.
121
 Starch-based biodegradable 
polymers are mainly employed in packaging and commodities and are currently chemically 
produced on ton scale by few companies (e.g. Novamont and NatureWorks) which have 
demonstrated the scalability and the economical and environmental sustainability of the 
process. 
Biodegradation might be conveniently defined as „„a chemical change in polymer facilitated 
by living organisms, usually micro-organisms‟‟.122 In spite of its emphasis on microbial 
processes, the definition covers both key areas of interest: environmental biodegradability of 
polymers and in vivo biodegradability of polymers in mammalian systems. Adopting a 
definition for practical purposes, particularly to delimit those polymers that are 
“environmentally biodegradable” is more complicated and several definitions have been 
proposed.
123
 As general rule “green” polymers and plastics can be classified as: “degradable”, 
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"biodegradable" or “compostable". The distinction is important when manufacturers or 
consumers choose an environmentally friendly disposal method for a particular material. 
“Degradable” plastics commonly are oil based and break down through chemical reactions 
rather than the activity of micro-organisms, so they can degrade in an anaerobic environment 
into water, CO2, biomass and trace elements. Differently the terms "biodegradable" and 
"compostable" are defined in official EN, ASTM, and ISO testing standards, but they are not 
necessarily well understood by the public or even by the plastics industry as a whole. They 
are often used interchangeably, although they have different definitions. According to ASTM 
standard D-5488-94d and to European Standard EN 13432:2000, “biodegradable” means 
capable of undergoing decomposition into: carbon dioxide, methane, water, inorganic 
compounds, or biomass in which the predominant mechanisms is the enzymatic action of 
micro-organisms that can be measured by standard tests, over a specific period of time, 
reflecting available disposal conditions. “Compostable”, by ASTM and EN definition, are 
plastics which must be capable of undergoing biological decomposition at an industrial 
composting site. This definition is pretty close to biodegradable plastic but "greener". 
According to the American Society for Testing & Materials, for plastic to be considered as 
“compostable”, it must: i) biodegrade (breaks down into carbon dioxide, water, inorganic 
compounds and biomass at a rate consistent with other known compostable materials), ii) 
disintegrate (leaves no visible or distinguishable material) and iii) leave no toxic residue 
(resulting compost supports plant growth) at the same rate as paper. What gardeners or US 
consumers often call composting is better called "backyard" or "home" composting. Some 
biodegradable or compostable plastics are not compostable in this sense because they will 
take too long to completely biodegrade. However, composting times can be shorter in a 
commercial composting facility where materials are shredded and composted under elevated 
temperatures and humidity. Following this definition “compostable” plastics are the greener 
earth friendly option. Unfortunately, depending on the standard used (ASTM, EN) different 
composting conditions (e.g. humidity, temperature) must be realized to determine the 
compostability level. Thus, it is difficult to compare the results using different standard 
conditions. We must also take into account the amount of mineralization as well as the nature 
of the residue left after biodegradation. The accumulation of contaminations with toxic 
residues and chemical reactions of biodegradation can be very harmful. For this reason the 
key issue is to determine for these by-products, the environment toxicity level which is called 
the “eco-toxicity”. 
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All organic materials must invariably biodegrade (despite the extremely slow kinetics in the 
case of most synthetic polymers) in the environment; however, to be of practical benefit a 
readily biodegradable polymer must break down due to biotic causes in a reasonable 
timescale. In general, biodegradation of polymers occurs mainly as an extracellular process 
(because macromolecular dimensions do not permit their transport across cell membranes), 
catalyzed by enzymes. A number of such enzymes are known and are classified on the basis 
of the degradation reaction step they catalyze. Thus, hydrolases, esterases, isomerases (or 
transferases), oxido-reductases, hydrogenases, and ligases can increase the rates of respective 
reactions by 6–20 orders of magnitude even under ambient temperatures.124 Enzymes that 
specifically catalyze the breakdown of naturally occurring polymers such as cellulose, lignin, 
chitin, and proteins are readily available in nature. For synthetic polymers, with a much 
shorter history of less than half a century of use, appropriate enzymes are more difficult to 
find in nature. Synthetic polymers generally biodegrade very slowly, but several exceptions 
exist (e.g. PLLA, PCL, PBS, and PBSA). These exceptions undergo biodegradation in the 
environment at a measurable rate and are commonly referred to as “biodegradable 
plastics”.125,126 
 
3.2.5 Glycerol and adipic acid as bio-based monomers 
Polyols can be used for the production of polyesters, polyethers or hydrocarbons. Polyethers 
of various structures (e.g. poly(propyleneoxide)glycols) are the most heavily consumed. 
Polyesters are the next most important group: at about one third of the volume of polyethers, 
this still amounts to a consumption of more than 1 million tonnes per year.
127,128
 Polyester 
polyols are generally produced either by ROP employing cyclic diesters (e.g. lactide) or by 
polycondensation of di- and trifunctional polyols with dicarboxylic acids or their anhydrides. 
Options for bio-based polyols include: ethylene glycol, 1,2-propanediol, 1,4-butanediol, 1,6-
hexanediol and glycerol. Dicarboxylic acids or their anhydrides include bio-based succinic 
acid, adipic acid and dimer acid. All the considered monomers can be industrially produced 
from renewable feedstock through fermentation or other technologies.
129
 In particular, as the 
importance of dicarboxylic acids for use as bio-based monomers will increase, the biological 
production by fermentation will become a valid alternative to the petrochemical-based 
process. At this regard recently an efficient technique for the production of succinic acid 
which overcomes the purification problems related to the fermentation broth has been 
developed.
130
 Another most well known example is the bio-based route to adipic acid; in this 
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case the E. coli bacteria sequentially ferment glucose to 3-dehydroxyshikimate, then to 
cis,cis-muconic acid (Figure 13). This compound can then be hydrogenated at elevated 
pressures to produce adipic acid.  
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Figure 13 Fermentation process for the production of adipic acid starting from glucose. 
Verdezyne and Rennovia have proved the concept of making adipic acid from yeast, using 
alkanes, plant-based oils, or sugars as raw materials exploiting a chemical route.
131
 They 
estimate that chemo-catalysis process leads to a cost advantage of more than 20%, depending 
on feedstock, versus petrochemical routes. Concerning the polyol, glycerol is an important 
chemical product which has been widely used in the cosmetic, paint, tobacco, food, and 
pharmaceutical industries. Traditionally, three different processes were employed for its 
production: i) chemical synthesis from petrochemical materials, ii) recovery from soap 
manufacture and iii) microbial fermentation process. Microbial production of glycerol has 
been known for 150 years, and glycerol was produced in this way commercially during World 
War I. Glycerol production by microbial synthesis subsequently declined since it was unable 
to compete with chemical synthesis from petrochemical feedstock due to the low glycerol 
yields and the difficulty with extraction and purification of glycerol from broth.
132
 Nowadays 
large part of the glycerol available on the market comes from biodiesel production.
133
 Since 
bio-diesel is a renewable and environmentally friendly fuel, its production is encouraged by 
many governments and consequently the crude glycerol generated from the transesterification 
of vegetables oils is generated in a large quantity. During the cracking/processing of oils for 
biodiesel production in fact huge amounts of glycerol (30 wt. %) are obtained as side-
product.
134
 Despite of the wide applications of pure glycerol in food, pharmaceutical, 
cosmetics, and many other industries, it is too costly to refine the crude glycerol to a high 
purity, especially for medium and small biodiesel producers. Many research projects and 
studies have been conducted and innovative utilizations of the crude glycerol are under 
investigations. Therefore, the development of new materials derived from the glycerol may 
contribute to make the production of bio-diesel and other products coming from oil 
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processing even more attractive from the economical and technological point of view.
135,136
 In 
this context, glycerol was considered as monomer for the synthesis of aliphatic polyesters 
with potential applications as biodegradable surfactants, polyesters for medical applications 
and packaging materials.
137
 At this regard one-pot one-step and one-pot multistep 
biocatalyzed polycondensation reaction between acipic acid and glycerol has been 
investigated.
138
 
 
39 LIPASES FOR THE SYNTHESIS OF “BIO-BASED” POLYESTERS 
3.3 Results and discussion 
3.3.1 One-pot one-step enzymatic synthesis of poly(glycerol adipate) P(GA) 
The general concept of condensation of polyols and diacids has been already investigated by 
Roberts and al.
70
 and transferred at industrial scale by Baxenden Chemicals (U.K.), although 
with some unresolved technical problems (see Chapter 4) which caused the recent closing of 
the productive plants.
105,106 
In the attempt of developing bio-based polyesters, recently polyesterification between adipic 
acid and glycerol in presence of sorbitol or 1,8-octanediol in solventless system was 
investigated.
139
 Enzymatically catalyzed synthesis of branched polyesters from adipic acid has 
been also already described by Gross.
140,141
 Although direct polymerization between diacid 
and glycerol was already reported in the literature, the polymerization conditions employed 
are rather detrimental for the enzymatic preparation since high temperatures (> 90°C) seems 
to be necessary to reduce the high viscosity of the system and improve mass transfer.  
It must be underlined that the efforts towards the development of enzymatic synthetic 
processes are motivated by the fact that the classical chemical route, which permits to reach 
products with high Mn (> 3000), requires higher temperatures (150-180°C) and does not 
permit a precise control of PDI during the polymerization which result in a highly 
polydisperse product (PDI 1.75-7.7) often characterized by a brown colorization which has to 
be removed by blanching treatments.
142
 Moreover it is worthwhile to underline that when this 
polyesters are intended for cosmetic or pharmaceutical formulations the absence of heavy 
metals and colorization is highly recommended. In order to avoid such undesired features here 
we repot the biocatalyzed synthesis of hyperbranched poly(glyceroladipate) P(GA) in 
solventless system based exclusively on adipic acid and glycerol at the mild temperature of 
60°C. In this Chapter, the applicability of the enzymatic technology to the polycondensation 
of glycerol and adipic acid is investigated, whereas the technological problems related to 
industrial applicability of the process will be the subject of Chapter 4. For this study, two 
different adsorbed CALB preparations were employed: CalB-A1 (lipase B from Candida 
antarctica immobilized in our laboratory on polystyrene-DVB resin) and the commercial 
Novozym 435 (lipase B from Candida antarctica immobilized on acrylic polymer Lewatit). 
The copolymerization has been performed in one-pot one-step reaction. Adipic acid (14.6 g, 
99 mmol), glycerol (9.24 g, 100 mmol) (scale 24 g, ratio 1.00:1.01) and biocatalyst CalB-A1 
or the commercial Novozym 435 (less than 1% w/w, using always the same units of enzyme 
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calculated from tributyrin hydrolysis assay) were mixed in a round reaction flask and the 
reaction proceeded connected with a rotary evaporator under reduced pressure (< 5 mbar) at 
60°C for 20h (Figure 14).  
 
Vacuum
Polymerization
60C,  vacuum <5mbar, 20h
Monomers 
adipic acid + glycerol
Immobilised CalB
Filtration 
80C, 1 min
Polymer
 
Figure 14 One step process for the synthesis of Poly(glycerol adipate) performed in presence of 
immobilised CALB at 60°C for 20h under reduced pressure (< 5mbar). 
 
During the polymerization process the biphasic system becomes a monophasic homogeneous 
transparent solution. The final product is a viscous sticky colorless liquid which can be 
recovered by filtration after heating at 80°C for 1 min. The crude product recovered was 
analyzed by GPC, DSC, MALDI-TOF MS, 
1
H and 
13
C NMR without any further purification. 
The Mn reached by polycondensation using CalB-A1 and Novozym 435 are comparable: 1959 
and 1896 respectively (Table 4); it is worth to underline that in literature data indicate that by 
using the classical tin catalyzed chemical route (same reagents ratio) the Mn does not exceed 
1750.
142 
 
 
Table 4 Synthesis of P(GA): Reaction conditions; Mn and PDI determination.  
[a] A = Adipic Acid; B = glycerol; [b] Calculated from GPC (THF 1 ml/min, PS standards). 
Biocatalyst Ratio 
A:B
[a]
 (mol:mol) 
Reaction 
conditions 
Mn and (PDI) GPC 
[b]
 
 
Tg DSC (°C) 
Novozym 435 1.00:1.01 60°C, 5 mbar, 20h 1896 (1.35) -50 
CalB-A1 1.00:1.01 60°C, 5 mbar, 20h 959 (1.33) -50 
 
The enzymatically catalyzed synthesis of P(GA) performed at 90°C, as reported in a previous 
work,
141
 is characterized by a Mw comparable with our product (2.7 and 2.6 respectively).
 
The 
absence of Tm and the presence of Tg at -50°C confirm the amorphous structure of the 
products obtained. PDI values of the enzymatically synthesized P(GA) at 60°C are 1.33 and 
1.35 for CalB-A1 and Novozym 435 respectively (Table 4). In both cases the values are 
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significantly lower in comparison with results obtained by using the classical chemical 
procedure (1.75) as well as the enzymatic route at 90°C (1.6).
141,142
  
Therefore, the possibility of controlling the polymer structure reducing PDI makes enzymatic 
procedure in mild conditions more advantageous in the perspective of the production of 
hyperbranched polyesters with desired properties.  
 
3.3.2 Multistep process for P(GA) synthesis: oligomerization and polymerization 
The synthesis of P(GA) has been carried out also in two separated steps: the first 
oligomerization step was performed in the presence of the biocatalyst whereas the second 
polymerization step has been performed after biocatalyst removal (Figure 15).  
 
Monomers
adipic acid + glycerol
Immobilised CalB
Filtration
Oligomerization 
50C, 20h each cycle
Oligomer
Vacuum
Polymerization
70C,  vacuum <5mbar, 20h
Polymer
Step 2: PolymerizationStep 1: Oligomerization  
Figure 15 Two steps process for the synthesis of poly(glycerol adipate). Step 1: Mutlistep oligomerization 
performed at 50°C for 3 cycles (20h each) in presence of immobilised CALB. Step 2: Polymerization 
performed in absence of biocatalyst at 70°C for 20h under vaccum (< 5mbar). 
 
The aim of the multistep process was to investigate the feasibility of increasing the molecular 
weight of the polymer by continuing the polyesterification in the absence of biocatalyst and 
by driving the thermodynamic of the reaction towards polyesterification by water removal 
under reduced pressure and heating.  
In the multistep oligomerization, adipic acid was added to glycerol in three subsequent 
additions. As a matter of fact, this allowed overcoming the problem related to the scarce 
solubility and dispersibility of adipic acid in glycerol. The reaction was started by adding the 
biocatalyst (around 1% w/w, using always the same units of enzyme for all preparations 
calculated from tributyrin hydrolysis assay) to the mixture of adipic acid/glycerol (7.3g : 
9.24g, 1:2 mol/mol) in a plastic syringe. The reaction proceeded at 50°C for 20h in blood 
rotator. No pre-treatment of reagents was performed. More adipic acid was then added in 2 
further steps every 20h until 11.95 g of acid was reached (step 2: total amount of adipic acid 
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10.95 g, 75 mmol; step 3 total amount of adipic acid: 11.95 g, 82 mmol; ratio adipic 
acid:glycerol 0.82:1.00 mol/mol). Thanks to the presence of water derived from the 
polycondensation, the product obtained was recovered easily by filtering the enzymatic 
preparation off without the need of heating. The reaction then proceeded in a round reaction 
flask in rotary evaporator under reduced pressure (< 5 mbar) at 70°C for 20h in absence of 
biocatalyst (Figure 15). These conditions permit the removal of water produced during the 
polycondensation, thus driving the reaction to form products with higher Mn (for more detail 
see also 4.3.3).  The reaction was monitored by GPC (Figure 16) to evaluate the increase in 
Mn.  
 
Figure 16 GPC profile of the Poly(glycerol adipate) obtained using Novozym 435 with one-pot one-step 
and multistep processes. (C9 black): One-pot one-step synthesis of P(GA) at 60°C as described in Chapter 
3.3.1; (C5 blue, C6 yellow, C7 red): Step 1: Oligomerization after the 1
st
, 2
nd
 and 3
rd
 addition of adipic acid 
respectively;(C8 green): Step 2: Polymerization at 70°C for 20h in absence of biocatalyst. 
Analysis: THF (flow rate 1ml/min at 30°C), PS standards. Samples were analyzed after filtration of the 
biocatalyst without performing any further purification or precipitation. 
 
Data clearly show that, after biocatalyst removal, Mn increases from 477 (oligomerization 
step 1, considering only the main fraction after the third addition of acipic acid (C7 in red) 
60h of reaction) to 804-1225 (polymerization step in absence of biocatalyst (C8 in green)) 
(Table 5) underlining that after the first polymerization step the reaction can proceed 
smoothly even after catalyst filtration. 
The lower Mn reached during this experiment (Figure 16, C8 green) in comparison with the 
one-pot one-step reaction at 60ºC (Figure 16, C9 black) can be imputed mainly to the absence 
of the catalyst during the polymerization step 2. Moreover, during the biocatalyzed multistep 
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polymerization, when the acid is added stepwise for solubility reasons, it is not possible to 
reach the reagent ratio of 1.00:1.01 mol/mol (adipic acid : glycerol) and consequently the 
excess of glycerol (0.81:1.00 mol/mol adipic acid : glycerol), which is crucial for the acid 
solubility, modifies the polymerization conditions. It is interesting to highlight that in all 
considered cases (both: one-step reaction at 60°C and multistep reaction at 50-70°C), the 
preparation CalB-A1 gives the best result in terms of Mn in comparison with the process 
which employs Novozym 435 (Figure 17, Table 5).  
 
Figure 17 GPC profile of the Poly(glycerol adipate) obtained using Novozym 435 (8, red) and CalB-A1 (14, 
black) after Step 2 polymerization at 70°C for 20h in absence of biocatalyst. Analysis: THF (flow rate 
1ml/min at 30°C), PS standards. Samples were analyzed after filtration of the biocatalyst without 
performing any further purification or precipitation. 
 
Table 5 One step and two steps synthesis of P(GA): Reaction conditions; Mn and PDI determination. [a] A 
= Adipic Acid; B = glycerol; [b] Calculated from GPC (THF 1 ml/min, PS standards). 
Steps  Biocatalyst 
Biocatalyst amount 
(mg) 
Ratio 
A:B
[a] 
(mol:mol) 
Reaction 
conditions 
Mn and (PDI) 
GPC 
[b]
 
1 Novozym 435 200 1.00:1.01 60°C <5 mbar 1896 (1.35) 
2 Novozym 435 200 0.85:1.00 50-70°C 804 
1 CalB-A1 302 1.00:1.01 60°C <5 mbar 1959 (1.33) 
2 CalB-A1 302 0.85:1.00 50-70°C 1225 
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The different behavior can be ascribed to two main factors: i) mass transfer is improved when 
CalB-A1 is employed since to get the same units of enzymes it is necessary to add a larger 
weight and volume of enzymatic preparation (302 mg CalB-A1, 200 mg Novozym 435) and 
ii) glycerol adsorption is prevented when CalB-A1 is employed thanks to the nature of its 
immobilization support which is highly hydrophobic (polystyrene-DVB). 
Finally, it must be underlined that the biocatalysts used in these reactions are lipases adsorbed 
on polymeric supports, consequently it cannot be excluded that part of the protein is released 
during the reaction so that the enzyme works also in its native form, dispersed in the reaction 
mixture. Of course, the amount of protein released in the mixture would affect the kinetic of 
the reaction, the mass transfer and ultimately the properties of the product. This issue will be 
addressed in Chapter 4. 
In order to better understand the nature of the products obtained, recovered samples were 
assessed by MALDI-TOF-MS analysis without any further purification. The spectrum 
confirms the increase in Mn for the thermodinamic polymerization in the absence of the 
biocatalyst. The product structure is mixture of OH and COOH functionalized polyesters. 
Observed peaks correspond to a mixture of: 5 units of glycerol, 5 units of adipic acid (1051 
m/z); 6 units of glycerol, 5 units of adipic acid (1125 m/z) and a small amount of 5 units of 
glycerol, 6 units of adipic acid (1179 m/z) (Figure 18). The repeating mass difference between 
the observed peaks is 202 Da which corresponds to the molecular weight of a single glycerol 
esterified with adipate unit.  
 
 
 
 
 
 
 
 
 
 
 
Figure 18 MALDI-TOF MS spectra of the polyester obtained after 20h of reaction at 70°C in absence of 
the catalyst (Polymerization step 2).
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1
H and 
13
C NMR spectra were collected in D2O and DMSO-d6 in order to determine the 
structure of the obtained polyester.
 13
C NMR spectra of the product recovered after step 1 
evidenced the presence of glycerol acylated in all three positions even if with a preference of 
hydroxyl groups in position 1,3, as expected.
143
 
 
 
Figure 19 
13
C NMR spectra of Poly(glycerol adipate) after step 1 of the multistep oligomerization. Spectra 
signal assigned as previously reported in literature.
144
 Tg (monosubstituted glycerol terminal units), 
L1,2(1,2-disubstituted linear glycerol), L1,3 (1,3-disubstituted linear glycerol), D (trisubstituted dendritic 
unit). 
 
1
H and 
13
C NMR of the final product obtained after the polymerization step 2 gives results 
comparable to that obtained by Gross, although at higher temperature (90°C),
141 
demonstrating that the final product is a mixture of highly branched polyesters where glycerol 
is acylated in all three hydroxyl positions with a preference for positions 1,3 (spectra not 
reported). 
It is worthwhile to highlight that, notwithstanding the claimed regioselectivity of CALB for 
1,3 positions; obtained products are branched polyesters, since the glycerol results in part 
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esterified even on the secondary alcohol (hydroxyl function in position two). This can be 
imputed to the acyl migration phenomena which can occur spontaneously. This phenomenon 
has been already reported in literature for lipase catalyzed reactions,
145
 even on carbohydrates. 
In general acyl migration was often observed during 1,3-positional specificity lipase-
catalyzed reactions from triglycerides and partial glycerides, including acyl migration of 1,2-
diglyceride (1,2-DG) to 1,3-diglyceride (1,3-DG) and 2-monoglyceride (2-MG) to 1-
monoglyceride (1-MG). It was found that acyl migration takes place independently from 
enzyme catalysis.
146,147
 Temperature and water activity have been identified as two crucial 
factors that influences enzyme-mediated process including acyl migration. For this reason the 
control of aw and temperature, during polycondensation reactions, is crucial parameters to get 
structured polyesters. 
 
47 LIPASES FOR THE SYNTHESIS OF “BIO-BASED” POLYESTERS 
3.4 Experimental Section 
3.4.1 Materials 
Novozym 435 (Candida antarctica Lipase B (CalB) and glycerol (> 99% purity) were 
purchased from Sigma Aldrich. Adipic acid was kindly provided by Radici Chimica, Italy. 
CalB-A1 has been developed in our laboratory with the collaboration of SPRIN Technologies. 
THF and deuterated solvents were purchased from Sigma Aldrich. All reagents were used 
without further purification.  
3.4.2 One-pot one-step enzymatic synthesis of P(GA) 
Adipic acid (14.6 g, 99 mmol), glycerol (9.24 g, 100 mmol) (scale 24 g, ratio 1.00:1.01) and 
biocatalyst (200 mg Novozym 435 or 302 mg CalB-A1) were mixed  in a round reaction flask 
and the reaction proceeded in rotary evaporator under reduced pressure (< 5 mbar) at 60°C for 
20h. No pre-treatment of reagents needed. The final product is a viscous sticky colorless 
liquid which can be recovered by filtration after heating at 80°C for 1 minute in a water bath 
using a plastic filter. No further precipitation or purification of products performed. About 
100 mg of crude product was dissolved in d6-DMSO and D2O and analyzed by 
1
H and 
13
C 
NMR. Further characterization was performed by GPC, DSC and MALDI-TOF MS. 
3.4.3 Multistep process for P(GA) synthesis 
Adipic acid was added to glycerol in a multistep process. Step 1: Adipic acid (7.3 g, 50 
mmol), glycerol (9.24 g, 100 mmol) and biocatalyst (200 mg Novozym 435 or 302 mg CalB-
A1) were mixed in plastic syringe. The reaction proceeded at 50°C for 20h in blood rotator. 
No pre-treatment of reagents needed. Adipic acid was then added in 2 further steps every 20h 
under the same conditions till reaching 11.95 g (step 2: 10.95 g, 75mmol; step 3: 11.95 g, 82 
mmol; final ratio adipic acid : glycerol 0.85:1.00 mol/mol). The product was recovered after 
filtration and the reaction proceeded in a round reaction flask in rotary evaporator under 
reduced pressure (< 5 mbar) at 70°C for further 20h without biocatalyst. These conditions 
permit to remove the water formed during the condensation, pushing the reaction towards the 
polymerization. The final product was a viscous sticky colorless liquid which can be 
recovered by filtration after heating. No further precipitation or purification was performed. 
The final product was analyzed by GPC, DSC, MALDI-TOF MS, 
1
H and 
13
C NMR. 
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3.4.4 Gel Permeation Chromatography (GPC) 
GPC was performed at ICTP “Istituto di Chimica e Tecnologia dei Polimeri”, CNR Pozzuoli 
(NA), Italy; on GPC Waters 150C, detector PL-ELS 2100 (Polymer Laboratories), column 
PolyPore 7.5 mm, eluent THF (flow rate 1ml/min at 30°C), 9 PS standards (Mn 680, 1060, 
1100, 2450, 5050, 7000, 11600, 22000, 66000). Around 7 mg of sample was dissolved in 7 ml 
of THF and analyzed without pretreatment. 
3.4.5 Differential Scanning Calorimetry (DSC) 
The thermal properties of the polymer and networks were analyzed by DSC. The experiments 
were performed on a Mettler Toledo DSC 822. The DSC runs were carried under N2 30 
ml/min, using the following temperature program: heating from -100°C to 100°C (10°C/min).  
3.4.6 Matrix-assisted Laser Desorption/ionisation-Time of Flight Mass 
Spectrometry (MALDI-TOF-MS) 
MADLI-TOF-MS spectra were collected on an Applied Biosystems 4800 MALDI TOF/TOF 
Analyzer. The matrix used for the preparation of the samples was HABA (2-(4-
hydroxyphenylazo)-benzoic acid) 0.2 M in THF. Around 10 mg of sample was dissolved in 1 
ml of THF and the solution was added to the matrix solution in a ratio between 1:2 and 1:10. 
Around 1 μl of this mixture was spotted on the MALDI target and was left to dry at room 
temperature before analysis. Positive ions were collected in linear and reflector mode. 
3.4.7 NMR Analysis 
1
H and 
13
C NMR spectra were recorded on a Bruker Avance III Ultra Shield Plus 600 MHz 
spectrometer operating at 600.17 MHz, available at CBM - Trieste. Chloroform-d, DMSO-d6 
and D2O was used as solvent. 
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3.5 Conclusions 
Two different adsorbed immobilized preparations of lipase B from Candida antarctica 
(CALB) have been employed in the synthesis of poly(glyceroladipate) (PGA) exploiting both 
one-pot one-step and two-steps routes. In the latter case, increase in Mn has been achieved by 
separating the bio-catalyst from the oligomer and then driving the polycondensation 
thermodynamically by means of water removal and heating. The products obtained from the 
polycondensation are branched polyesters characterized by the presence of both OH and 
COOH terminal functionalizations.  
CALB immobilized as adsorbed preparation in our laboratory (CalB-A1) has demonstrated to 
give products with slightly higher Mn in comparison with the commercial preparation 
Novozym 435.  
The one-pot one-step enzymatically synthesized PGA has demonstrated to be characterized, 
in all the cases, by a lower PDI (1.35) and a higher Mn (2000) in comparison with the 
polymers chemically synthesized in the presence of tin as catalyst. As compared to previous 
enzymatic processes similar Mn were achieved even working at milder temperatures. 
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4 SYNTHESIS OF POLYESTERS BY MEANS OF TAILORED 
COVALENTLY IMMOBILISED LIPASES  
4.1 Summary 
Lipases catalyze polymer synthesis under harsh conditions, i.e. high viscosity and 
temperatures ranging from 60°C to more than 80°C. The latter are necessary to reduce 
viscosity and hence improve mass transfer, since processes are carried out without solvents. 
Recyclability of enzymes represents a crucial factor for determining the economic 
sustainability of the process. This chapter is focused on the assay of stability and applicability 
of covalently immobilized lipases, which were specifically designed and developed for 
polymer synthesis at industrial scale. 
A number of different enzymatic formulations of CALB have been employed in the synthesis 
of poly(1,4-butanediol adipate) in a solvent less system and a comparison of the products 
obtained has been performed in order to verify the efficiency of the enzymatic preparations. 
In particular the following factors have been considered: i) biocatalyst recyclability; ii) release 
of protein in the final product; iii) removal of the catalyst and finalization of the 
polymerization via thermodynamically driven route; iv) effect of water on polymerization 
process. 
Finally, an innovative technique for polymer characterization has been developed. Since only 
a limited number of techniques are available to get structural information on polyesters a 
method which combines PGSE (DOSY) NMR and GROMACS simulation has been used to 
assess Mn and structure of the obtained polyesters. 
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4.2 Introduction 
4.2.1 Key factors for the industrialization of CALB catalysed polyesterifications 
As already mentioned in Chapter 3, CALB efficiently catalyzes polyesterification
148
 and 
polyester formation at a much lower temperatures (60
o
C) than those used by conventional 
methods.
149
 The polymers thus formed have highly regular structures providing unique 
properties and can be used in coating and adhesive applications. In addition, the synthetic 
process does not require the use of organotin or other organometallic catalysts and the further 
polyurethane process can avoid the use of diisocyanates by exploiting alternative starting 
materials (e.g. cyclic carbonates and primary diamines).
150,151
 Lipases are commonly applied 
in their immobilized forms to enable biocatalyst recovery and to improve their stability under 
operational conditions.
152,153,154
 Nowadays most of the commercial immobilized lipases are 
formulated through physical adsorption on solid supports. These formulations make them 
unsuitable for use in aqueous media or any hydrophilic environment where the protein tends 
to partition.
155,156,157 
In this specific case the result is the leaching of the enzyme off the 
support during the polymerization process, namely in a hydrophilic environment and under 
mechanical stress. Beside contaminating the final product, the enzyme leaching reduces the 
recyclability of the biocatalyst.
158,159,160,161
 Such a problem could be overcome by employing a 
covalently immobilized enzymatic preparation which guarantees higher stability of the 
biocatalyst. However there the lack of efficient covalently immobilized lipases on the market 
is mainly due to the following factors: 
1. The wide heterogeneity of structure and mechanisms of lipases, which make 
immobilization methods non transferable among the different proteins; 
2. The remarkable conformational flexibility of lipases, which is necessary for assuring 
their catalytic action upon contact with the lipid substrate (see “interfacial activation” 
in Chapter 2.2.1); 
3. The wide hydrophobic areas surrounding the active site of lipases, which induce the 
interaction between lipases and organic polymers to occur with a wrong orientation, 
namely obstructing the active site;
162
 
4. The need of hydrophobic supports for applications on the typical lipases‟ substrates, in 
order to promote adequate mass transfer of hydrophobic substrates to the supported-
enzyme. 
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Globally, these factors translate in very low immobilization yields of immobilized lipases, 
which means that only a minimal fraction of the original activity of the enzyme is retained 
after covalent immobilization on hydrophobic supports, generally not more than 5-10%.
163
 As 
a consequence, the costs of covalently immobilized lipases would be not compatible with 
large scale industrial applications. 
The present work makes use of covalently immobilized CALB preparation which was 
specifically designed and developed by the Laboratory of Applied and Computational 
Biocatalysis of the University of Trieste and by SPRIN S.p.A. (Trieste, Italy). Data here 
reported compare the stability, expressed as enzyme leaching from the biocatalyst, of three 
different CALB preparations during the polycondensation between adipic acid and 1,4-
butanediol in a solventless system, demonstrating that the covalent preparation is the most 
stable in all considered conditions.  
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4.3 Results and discussion 
4.3.1 Evaluation of the tailored formulated enzyme 
Here we report a comparison in terms of enzyme leaching of three different immobilized 
CALB preparations (two adsorbed: CalB-A1, Novozym 435 and one covalent: CalB-C1).  
Leaching has been measured both exploiting a standard assay for enzymatic activity and 
evaluating the enzyme‟s behavior under operational conditions during a polymerization 
process.  
4.3.1.1 Leaching of the protein from the support: standard assay 
In order to estimate the enzyme leaching when covalent (CalB-C1 covalently immobilized 
preparation of lipase B from Candida antarctica on epoxy functionalized acrylic resin) and 
adsorbed (CalB-A1 adsorbed preparation on Polystyrene-DVB matrix, and Novozym 435 
adsorbed preparation on acrylic resin) preparations are employed, all the considered 
preparations have been assessed over enzyme leaching with a standard tributyrin hydrolysis 
assay. The biocatalysts were incubated for 15 min at 30°C under stirring in an emulsion 
composed of: tributyrin, arabic gum and water. The enzymatic preparations were then 
separated from the media by filtration and a sample of the recovered emulsion was employed 
in order to estimate the residual activity present in the solution. Data clearly show that 
residual activity can be detected in the incubation‟s emulsion only when the adsorbed 
preparations are employed (Novozym 435 and CalB-A1). Differently, when the covalent 
enzymatic preparation (CalB-C1) is used there is no residual activity detectable in the 
recovered solution (Figure 20).  
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a) 
 
b) 
 
c) 
 
Figure 20 Titration of the residual enzymatic activity present in the tributyrin emulsion after incubation 
of the immobilized enzymatic preparations for 15 min at 30°C under stirring employing always the same 
units of immobilized enzyme. a) Adsorbed preparation Novozym 435, b) Adsorbed preparation CalB-A1, 
c) Covalent preparation CalB-C1. 
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This behavior can be explained by the intrinsic nature of the covalent preparation, since the 
covalent bond between the enzyme and the functionalized carrier stabilizes the protein 
ensuring no enzyme‟s leaching in the reaction media. When the enzyme is bounded to the 
carrier only through hydrophobic interactions, when placed in hydrophilic media the enzyme 
tends to partition from the solid support to the reaction media. Differently, when hydrophobic 
media are employed (e.g. toluene) enzyme leaching is un-favored and recyclability of the 
biocatalyst can be guaranteed even when using enzymatic adsorbed preparations. The 
intermediate behavior of the adsorbed preparation CalB-A1 can be explained by the nature of 
the support used for this immobilization (i.e. Polystyrene-DVB). As previously described, the 
surface of lipases present large hydrophobic areas surrounding the active sites, which confer 
them the ability to establish strong hydrophobic interactions with aromatic resins. This feature 
is quite unusual among globular proteins and enzymes, which are characterized by mainly 
hydrophilic surfaces exposed to aqueous media. As a general rule for lipases‟ immobilisation, 
the more hydrophobic are the resins the stronger interactions are established with the enzyme. 
At this regard, being the matrix employed by Novozym 435 (acrylic resin) more hydrophilic 
than the matrix employed for the adsorbed preparation “CalB-A1” (polystyrene-DVB), 
enzyme-carrier interactions are less favorable in the first case and it results in a more evident 
enzymatic leaching when Novozym 435 is employed. The same behavior has been 
highlighted also under operational conditions. It is worthwhile to underline that the enzyme‟s 
leaching from Novozym 435 can also be related to the amount of protein loaded on the 
support. Unfortunately these data are not disclosed by the producer hence a direct comparison 
which takes in consideration this parameter is not possible. 
 
 
 
 
 
 
 
 
56 SYNTHESIS OF POLYESTERS BY MEANS OF TAILORED COVALENTLY 
IMMOBILISED LIPASES 
4.3.1.2 Oligomerization process and leaching of the protein under operational 
conditions 
In order to evaluate the enzyme leaching under operational conditions during a 
polymerization process, polycondensation between adipic acid and 1,4-butanediol (1.0:1.1 
mol:mol) was performed as described in Figure 21 at 50°C for 20h using the above mentioned 
enzymatic preparations (two adsorbed: CalB-A1, Novozym 435 and one covalent: CalB-C1).  
 
HO
OH
O
O
HO
OH
+
CalB
50C, 20h
Oligomer
O
O
O
O
n
+ H2O
1,4-butanediol
Adipic acid
Monomers 
Adipic acid +1,4-butanediol
Immobilised CalB
Filtration
Oligomerization  
50C, 20h
Oligomer  
Figure 21 Procedure for the oligomerization of adipic acid and 1,4-butanediol at 50°C for 20h in presence 
of immobilised CALB. 
 
The same reaction was investigated by Roberts by using Novozym 435 and the release of 
enzyme in the reaction mixture was reported with a consequent decrease of the recovered 
enzyme activity.
70
  
In our study, the residual active enzyme present in the final product (protein contamination 
caused by enzyme leaching from the support) was estimated through a hydrolytic activity 
assay (tributyrin hydrolysis assay) directly on the recovered polyester samples. To guarantee 
comparable data between the considered enzymatic preparations the reaction was performed 
using always the same units of enzyme for all the experiments. In order to exclude the effect 
of the poly(1,4-butanediol adipate) over the assay, few hydrolysis tests have been performed 
using a chemically synthesized poly(1,4-butanediol adipate) which has been considered as a 
blank preparation. Blank data show that the polyester does not interfere with the assay, since 
no enzymatic activity was detected during these experiments (Figure 22). Differently, an 
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enzymatic activity has been clearly evidenced in the final products of the enzymatically 
synthesized oligomers when the adsorbed preparations were used.  
 
Figure 22 Residual units of free active enzyme present in the final product after 90, 150, 210, 1200 minutes 
of reaction determinate through tributyrin hydrolysis assay. 
 
On the other hand, the covalently immobilized CalB-C1 leads to values of enzyme activity in 
the reaction mixture which are comparable to the blank experiments (Figure 22). Data 
reported are in good agreement with the results obtained from the standard hydrolytic assay 
(Chapter 4.3.1.1).   
The detected decrease in time of the enzymatic activity for all the considered preparations can 
be imputed to the gradual inactivation of the free enzyme. As a matter of fact, the native 
protein undergoes a fast denaturation due to the hydrophilic nature of the medium, 
accompanied by a decrease of activity due to the acidic environment.
  
It must be underlined that the kinetic of the polymerization reaction is strictly dependent on 
the mass transfer limitations, so that particle size, exposed surface and overall volume of the 
catalyst present in the mixture will affect the reaction behavior. As a consequence, due to the 
presence of both immobilized and free active enzyme in the reaction media it is not possible 
to estimate correctly the effect of the immobilized preparation on the kinetic of the 
polymerization reactions when adsorbed lipases are employed. Previously works which report 
kinetic of polymerization in the presence of different immobilized CALB preparations do not 
take in consideration the fraction of free active enzyme present in the media and that means 
that kinetic data previously reported are not informative.
,164,165,166  
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4.3.1.3 Catalyst recyclability under operational conditions 
As previously discussed, the industrial feasibility of the enzymatic polymerizations has been 
shown by Baxenden Chemicals (U.K.) which has developed a bioprocess that employs 
immobilized lipases to catalyze polyester formation.
175 
The research work follows the same 
process described by Roberts who, by employing Novozym 435, observed a 65% of decrease 
of activity after the first synthetic cycle.
70
 This was ascribed partially to the leaching of the 
enzyme and secondly to the detrimental effect of the acidic environment. The problem was 
partially overcome by addition of a tertiary amine and, more importantly, of fresh enzyme 
after each cycle. 
Of course, the economic feasibility of the biocatalysed industrial processes is strictly related 
to the recyclability and stability of the biocatalyst under operative conditions, since it must be 
reused for many cycles. To the best of our knowledge, the industrial process for the enzymatic 
production of polyesters developed by Baxenden has been dismissed recently, despite the 
claimed advantages in terms of quality of products and sustainability of the process. 
For this reason our work has been focused on the biocatalyst recyclability, by comparing the 
recyclability of covalently (CalB-C1) and adsorbed (CalB-A1, Novozym 435) immobilized 
CALB preparations during a standard polymerization process. In particular, attention has been 
paid to the damage of the biocatalyst due to enzyme leaching in viscous systems, whereas, in 
this analysis, chemical factors (such as acid effect) were not considered since they are usually 
addressed and solved by proper process configuration (e.g. buffering with organic bases) and 
they are strictly related to the specific substrates and chemical reaction considered. Therefore 
the solving of these problems was out of the scope of this work. 
In order to assess the recovered activity of the immobilized preparations, a model reaction 
was studied, not involving free acids. A reaction between diethyl adipate and 1,4-butanediol 
was performed at 40°C under reduced pressure using rotary evaporator as mixing system 
(Figure 23).  
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Figure 23 Enzymatic polymerization of diethyl adipate and 1,4-butanediol at 40ºC, 5h under reduced 
pressure (<5 mbar) performed using Novozym 435, CalB-A1 and CalB-C1.  
 
In order to make data coming from different CALB preparations comparable, all reactions 
were performed employing always the same amount of active enzyme determined exploiting 
active site titration method (Table 6).
167,168,169
 Commonly in literature comparisons between 
different enzymatic preparations are performed using the same amount or the same units of 
enzyme, as we reported in the previous chapter. However, in most cases kinetics depends not 
only on enzyme activity but also to physical-chemical factors such as partition between the 
bulk medium and the biocatalyst support, mass transfer and accessibility of the enzyme‟s 
active site. Therefore, each enzymatic preparation can display different efficiency as a 
function of the reaction and the experimental conditions used, and its activity and 
performance are strongly correlated to the matrix used for immobilisation. For instance, it has 
been evidenced that an increase in the amount of enzyme loaded on a particular carrier is not 
directly proportional to the final activity detected and for this reason two different enzymatic 
preparations which show the same activity are actually characterized by a different amount of 
enzyme loaded on them. For this reason active site titration method is considered as a 
complementary technique to assess the activity of enzymes by evaluating the real amount of 
active molecules of enzyme employed in a specific reaction. The results are reported in Table 
6.  
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Table 6 Characterization of CALB preparations in terms of active sites and synthetic activity, and 
monomer employed for the polyesterification. [a] Assessed through active site titration Chapter 4.4.5, [b] 
PLU (Propyl laurate units) determined through standard synthetic activity assay,
170
 [c] A: diethyl adipate, 
B:1,4-butanediol. 
 
In order to follow the reaction, monomer conversion was monitored by 
1
H NMR at 10, 20, 40 
and 300 minutes over 8 recycles. The ratio between the signal at δ 1.26 attributed to 
methylene group of ethyl adipate (CH3-CH2-O) and the signal at δ 2.33 (-CH2-CH2-C(O)O-) 
which was kept constant during all the reaction, was exploited to estimate the degree of 
conversion. Data clearly show that adsorbed preparations are characterized by a constant 
decrease in monomer conversion over recycles whereas covalent preparation is stable even 
after 8 recycles (Figure 24). To go more in detail, monomer conversion at 10 minutes after 8 
recycles decrease up to 50%  when adsorbed preparations are employed; differently it 
decreases only of 17% when covalent preparation is used.  
 
 
Figure 24 Variation in monomer conversion during the enzymatic polyesterification between diethyl 
adipate and 1,4-butanediol at 40ºC after 10 minutes of reaction over 8 recycles using three different 
enzymatic preparations of CALB calculated by 
1
H NMR. 
 
Biocatalyst nmol/gdry
[a]
 U/ gdry
[b]
  
nmol enzyme 
employed 
Ratio A:B
[c] 
(mol:mol) 
(Total amount g) 
Novozym 435 971 12000  100  1:1 (9.7) 
CalB-A1 1169 15000  100  1:1 (9.7) 
CalB-C1 573 8000  100  1:1 (9.7) 
 
61 SYNTHESIS OF POLYESTERS BY MEANS OF TAILORED COVALENTLY 
IMMOBILISED LIPASES 
These results further support the idea that polymerization kinetic studies, which do not take in 
consideration the fraction of free active enzyme leached in the media, are not very 
informative. This is particularly true when bulky molecules, such as polymers, are 
enzymatically synthesized. In fact, since diffusion limitations do not permit the 
macromolecule to diffuse inside the catalyst matrix, the reaction occurs mainly thanks to the 
protein bounded on the beads‟ surface and to the free active enzyme present in the reaction 
media; consequently the leaching phenomenon has a pronounced effect over reaction rates. 
This statement is further supported by the data of conversion obtained with the three different 
enzymatic preparations in the above mentioned reaction conditions employing always the 
same nmol of active enzyme as described in Table 6. The profiles of the monomers 
conversion (Figure 25) indicate that there is a clear correlation between kinetic and the nature 
of the matrix and the enzyme leaching phenomenon. In particular, looking at the monomer 
conversion profile at 10, 20 and 40 minutes (Figure 25), it is evident that the higher 
conversion rate is initially reached by the two adsorbed preparations (Novozym 435 and 
CalB-A1). This behavior can be imputed mainly to the free active enzyme present in the 
media during the first cycle of reaction. 
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Figure 25 Monomer conversion, evaluated by 
1
H NMR spectra, at 10, 20 and 40 minutes for the 
polyesterification reaction between 1,4-butanediol and diethyl adipate at 40ºC under vaccum after the 
first cycle and after 8 recycles employing adsorbed (Novozym 435 and CalB-A1) and covalent (CalB-C1) 
CALB immobilized preparations.  
 
To further support our claim we can observe that after 8 recycles both adsorbed preparations 
are characterized by a decrease of 30% in monomer conversion whereas the covalent 
preparation (CalB-C1) is the only one that maintains the same kinetic profile, thus becoming 
the best performing preparation in terms of monomer conversion. These data confirm one 
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more that kinetic during the first cycle of reaction is mainly driven by free active enzyme 
leached in the reaction media, hence covalent preparation has greater stability over recycles. 
   
4.3.2 Poly(1,4-butanediol adipate) oligomerization: synthesis and analysis 
The polyesters obtained by using a number of different enzymatic CALB preparations were 
analyzed and characterized.  Both adsorbed or covalently immobilized preparations have been 
employed in the synthesis of poly(1,4-butanediol adipate) oligomers starting from adipic acid 
and 1,4-butanediol (1.0:1.1 mol/mol) at 50°C for 20h in a plastic syringe. The method 
employed for the synthesis is the same described in Chapter 4.3.1.2. (Step 1: Oligomerization, 
Figure 26). The reaction was monitored analyzing crude samples of oligomer recovered 
filtering off the enzymatic preparation after 90, 150, 210 and 1200 minutes by GPC and 
collecting NMR spectra.  
 
Monomers Suspension
Adipic acid +1,4-butanediol
Immobilised CalB
Filtration
Oligomerization 
50C, 20h
Oligomer
Vacuum
Polymerization
80C,  vacuum <5mbar, 20h
Polymer
Step 1: Oligomerization Step 2: Polymerization
 
Figure 26 Two steps process for the synthesis of poly(1,4-butanediol adipate). Step 1: Oligomerization 
performed at 50°C for 20h in presence of immobilised CALB. Step 2: Polymerization performed in 
absence of biocatalyst at 80°C for 20h under reduced pressure (< 5mbar). 
 
As expected and previously discussed, during the polymerization different kinetics were 
observed for each enzymatic preparation. Concerning the properties of the final product, no 
appreciable differences in Mn or PDI were evidenced. All oligomer samples produced and 
recovered after 20h of reaction were analyzed exploiting GPC and MALDI-TOF MS. Data 
demonstrate that all the crude products recovered show a similar GPC profile (Figure 27) (Mn 
and PDI). 
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Figure 27 GPC profile of the oligomers obtained after 20h of reaction in presence of CALB (Step 1), 
analysis: THF (flow rate 1ml/min at 30°C), PS standards. Samples were analyzed after filtration of the 
biocatalyst without any further purification or precipitation. C20, C21: covalent preparations; P3, C28: 
adsorbed preparations  
 
All the considered oligomers are characterized by a high PDI and low Mn. These undesired 
features are due to the presence of water in the reaction media which is produced by the 
polycondensation reaction, and does not allow the polymerization to proceed further since 
equilibrium is reached between the synthetic and hydrolytic products.
171
 To further investigate 
the oligomer obtained, MALDI-TOF-MS spectra of the crude product (Figure 28) were 
collected. Peaks detected by the analysis suggest that all the samples considered are a mixture 
of: di-hydroxy (1713 m/z); mono-hydroxy (1641 m/z), (1663,M+2Na
+ 
m/z), (1657,M+K
+ 
m/z); and di-carboxylic (1769 m/z) functionalized oligomers. The repeating mass difference 
between the observed peaks is 200 Da which corresponds to the molecular weight of a single 
butanediol esterified with adipate unit. 
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Figure 28 MALDI-TOF MS spectra of the oligomer obtained after 20h of reaction between adipic acid 
and butanediol in presence of CALB. 
 
The evidenced irregular structure of these oligomers can be imputed to the presence of water 
in the system produced during polycondensation. In order to increase the Mn and to reach a 
more controlled polyester structure (i.e. lower PDI) the removal of water must be considered. 
At this regard various methods are reported in literature, such as for example: azeotrope 
distillation, pervaporation and the use of molecular sieves,
172,173,174  
but in our case due to the 
viscosity of the reaction mixture and the absence of solvents, the removal under reduced 
pressure was applied. 
 
4.3.3 Two steps process for the synthesis of poly(1,4-butanediol adipate) 
Once synthesized the oligomers starting from adipic acid and 1,4-butanediol as described in 
Chapter 4.3.2, the polymerization was achieved following the same procedure described in 
Chapter 3.4.3 and taking also inspiration from US Patent n˚ 5631343.175  
Hence, after the first step i.e. Step 1: oligomerization of adipic acid and 1,4-butanediol 
catalysed by immobilized CALB at 50°C for 20h in a plastic syringe, the oligomer was 
recovered filtering off the biocatalyst. The recovered product was then placed in a flask 
connected with a rotary evaporator under reduced pressure (<5 mbar) at 80°C for further 20h 
(Step2: Polymerization, Figure 29).  
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Figure 29 Step 1: Oligomerization between adipic acid and 1,4-butanediol at 50°C for 20h in presence of 
immobilised CALB. Step 2: Further polymerization of the oligomer for 20h in absence of biocatalyst at 
80°C under reduced pressure (<5 mbar). 
 
Under these conditions the water formed during the esterification was removed and the 
polycondensation proceeded by increasing the Mn and decreasing the PDI of the product. The 
removal of the enzyme after the initial oligomerisation step is advantageous to avoid damage 
to the enzyme during the conversion of the oligomer to polyester. Biocatalyst removal is 
crucial when classical stirring systems are adopted since, as the reaction proceeds, the 
viscosity of the reactants increases and the increased shearing forces needed to stir the 
reaction mixture may cause damage to the catalyst.
176
 The fact that a polyesterification 
proceeds even in absence of the biocatalyst is not surprising. As a matter of fact the kinetics 
of self catalysed polyesterification reactions of adipic acid and diols (e.g. hexamethylene 
glicol) has been studied extensively, but different results have been reported.
177 
The original 
studies on the kinetics and mechanisms of polyesterification reactions were carried out by 
Flory in 1939.
178
 He concluded that self-catalyzed polyesterifications follow third-order 
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kinetics with a second-order dependence on the carboxyl group concentration and a first-order 
dependence on the hydroxyl group concentration. Tang and Yao considered that hydrogen 
ions dissociated from the diacid molecules continue to coordinate weakly to the diacid 
molecules, suggesting that the reaction is 2.5
th
 order form self-catalyzed polyesterification 
reactions, so polyesterification is promoted by catalysis due to the presence of hydrogen 
ions.
179 
Generally speaking, polycondensation of alcohols with carboxylic acids have an 
equilibrium constant for uncatalyzed reaction not very high (typically KC < 10), so that water 
must be removed from the reaction mixture in order to obtain a reasonably high degree of 
polymerization.
180
 On the other hand, it has been reported that an increase in the alcohol 
concentration results in a decrease in the reaction rate.
181
 A kinetic and thermodynamic study 
of the acid catalyzed polyesterification is not the purpose of this research but as general rule 
we can state that the carboxylic acid present in the mixture may provide the acid catalyst if no 
other stronger acid is added.  
Commonly, the polyesterification of adipic acid and butanediol in solventless system requires 
high temperatures (140-160°C) since the acid needs to be melted in order to create a 
homogeneous phase with the diol during the process. It must be underlined that in the two 
steps enzymatic process proposed the first enzymatically catalyzed step (oligomerization) was 
carried out at 50°C in a plastic syringe without vacuum starting from an heterogeneous 
mixture of a solid (adipic acid) and a viscous liquid (1,4-butanediol). Upon synthesis of the 
oligomer, a homogeneous solution is formed, and consequently the second step (without 
biocatalyst) can proceed at considerably lower temperatures (80-90°C) as compared to the 
classical one-step chemical process, and was carried out for 20 hours under reduced pressure 
(<5 mbar) before characterizing the products.  
Models which describe the increase of the reaction order as the esterification proceeds are 
already reported in literature, demonstrating that by increasing the Mn the reaction can 
proceed at lower temperatures.
182
 Nevertheless, since the chemical and physical parameters 
which are involved in this processes change as the reaction proceeds, it is quite hard to 
estimate the impact of each single factor on the entire process; hence it is not possible to give 
an exhaustive explanation of this behavior.  
The polymer obtained in the conditions above described is a white waxy solid at room 
temperature. The crude product was analyzed by 
1
H NMR (Figure 30) and 
13
C NMR (Figure 
31), 2D-
1
H-TOCSY-
13
C-HSQC NMR (Figure 32), GPC, DSC and MALDI-TOF-MS (Figure 
34) without any further purification step.  
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Figure 30 Procedure for the synthesis of the poly(1,4-butanediol adipate) and 
1
H NMR of: Step 1: 
oligomer (top) and Step 2: polymer (bottom). 
1
H NMR (600 MHz, CDCl3 ): δ 1.48 t, 2H, -CH2-CH2-OH; δ 
1.56 t, 2H, -CH2-CH2-OC(O); δ 1.68 t, 2H, -CH2-CH2-C(O)O-; δ 2.25 t, 2H, -CH2-CH2-C(O)O-; δ 3.53 t, 
2H, -CH2-CH2-OH; δ 4.08 t, 2H, -CH2OC(O). 
 
 
69 SYNTHESIS OF POLYESTERS BY MEANS OF TAILORED COVALENTLY 
IMMOBILISED LIPASES 
 
Figure 31 
13
C NMR of the polymer Step 2, (600 MHz, CDCl3 ): δ 25.1 -CH2-CH2-CH2-OH; δ 25.3 -CH2-
CH2-OC(O); δ 24.3, -CH2-CH2-C(O)O-; δ 29.1 -CH2-CH2-CH2-OH;  δ 33.9 -CH2C(O)O; δ 62.6 -CH2-CH2-
OH; δ 63.9 -CH2-CH2-OC(O); δ 64.1 CH2-CH2-CH2-CH2-OH; δ 173 -CH2OC(O). 
 
For a correct assignment of spectra‟s signals a 2D-1H-TOCSY-13C-HSQC experiment was 
run over the polymer (Figure 32). The spectra evidences that butanediol is correlated with 
adipic acid demonstrating that the reaction is completed. 
  
Figure 32  2D-
1
H-TOCSY-
13
C-HSQC of the polymer obtained from adipic acid and 1,4- butanediol 
following the two steps procedure as described in this chapter.  
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Once the signals were correctly assigned, it was possible to determine the degree of 
polymerization for both the oligomer and the polymer by measuring the ratio between signals 
at δ 3.53 (t, 2H, -CH2-CH2-OH) and at δ 4.08 (t, 2H, -CH2OC(O)). For a more precise 
estimation, it is also possible to evaluate the DP from 
13
C NMR spectra measuring the ratio 
between signals at δ 62.6 (-CH2-CH2-OH) and at δ 63.9 (-CH2-CH2-OC(O)). Mn of the 
polymer extrapolated by peaks integration is 2694 corresponding to 13 units of adipic acid 
and 14 units of butanediol (Figure 31). NMR spectra of the crude product before (Figure 30, 
top) and after (Figure 30, bottom) polymerization step confirms that the reaction proceeds 
even after the biocatalyst removal.  
In the same way, the GPC profile of the crude products (Figure 33) shows an increase of Mn 
from 1547 (for the oligomer, Step 1 in red, considering only the fraction with the higher Mn) 
to 3191 (for the polyester obtained after enzyme removal, Step 2 in black).  
 
Figure 33 GPC profile of poly(1,4-butanediol adipate). THF (flow rate 1ml/min at 30°C), PS standards. In 
red: Step 1 oligomer obtained after 20h of reaction in presence of CALB (Step 1). In black: Step 2 
polymer obtained from the oligomer after 20h of reaction at 80C under reduced pressure (< 5mbar) in 
absence of biocatalyst. 
 
In agreement with these data also PDI decreases to 1.36 and DSC analysis shows an increase 
in the Tg which shifts from 35ºC for the oligomer to 52ºC for the polyester (Table 7).  
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Table 7 Oligomer and polymer obtained from adipic acid and 1,4-butanediol using immobilised CALB: 
reaction conditions; Mn, PDI, Tm and Tg determination. 
[a] A = Adipic acid; B = 1,4-butanediol; [b] Calculated from 
1
H and 
13
C NMR in CDCl3; [c] Calculated 
from GPC (THF 1 ml/min, PS standards); [d] considering only the fraction with the higher Mn. 
Polyester 
Ratio 
A:B(mol:mol)
[a]
 
Reaction 
conditions 
Mn NMR 
[b]
 
(gmol
-1
) 
Mn and (PDI) 
GPC 
[c]
 
Tm (Tg) DSC 
(°C) 
Step1 
Oligomerization 
1.0:1.1 20h, 50°C n. d. 1547 
[d]
 35.36 
Step 2 
Polymerization 
1.0:1.1 
20h, 80°C, 
< 5mbar 
2694 3191 (1.36) 51.96 (-61.46) 
 
As discussed before, this polymerization process in the absence of biocatalyst can be 
explained by some thermodynamic effects since after the oligomerization (step 1) the product 
is a viscous uniform solution and under these conditions the reaction between polymer chains 
are favored.  
It is important to comment the apparently different results obtained in our study as compared 
to the work of Roberts et al.
70 
The polyesterifications described in that study were catalyzed 
by Novozym 435 and the two-step process was described. After the first oligomerization step, 
the biocatalyst was removed and the reaction continued at 60°C for 24h under reduced 
pressure (10 ± 3 mbar). The observed increase of Mn was ascribed to the presence of native 
enzyme detached from the support. As a matter of fact, when the authors used in the first step 
a covalently immobilized preparation of CALB (Chirazyme) no increase in Mn was observed 
in the polymerization step 2, and this was taken as the proof that the second polymerization 
step can occur exclusively in the presence of the biocatalyst. In contradiction with the 
statement reported by Roberts, the US Patent of Binns et al. from Baxenden
175 
states that step 
2 (polymerization) can occur even after biocatalyst removal. Unfortunately, Chirazyme is not 
commercially available any longer, so that a direct comparison is not feasible and for this 
reason we have decided to proceed employing our covalently immobilized preparation of 
CALB which has demonstrated to give no leaching under operational conditions (Chapter 
4.3.1.2). At this regard a comparative study to evaluate the different monomer conversion 
kinetic of step 2 in the synthesis of poly(1,4-butanediol adipate) when adsorbed and covalent 
preparations are employed for the oligomerization (step 1) has been performed. The reaction 
was monitored collecting 
1
H NMR spectra of the crude product. The increase in the ratio 
between signals at δ 4.08 (t, 2H, -CH2OC(O)) which corresponds to the ester formation and at 
δ 3.53 (t, 2H, -CH2-CH2-OH) which corresponds to the free 1,4-butanediol, demonstrated that 
the reaction proceeded in all considered cases. Unfortunately a correct estimation of the DP 
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and Mn was not possible since the presence of unreacted 1,4-butanediol in the system could 
invalidate the measurement. 
Table 8 Monitoring of the polymerization (Step 2) starting from an oligomer of poly(1,4-butanediol 
adipate) produced using both: adsorbed preparation Novozym 435 and the covalent preparation CalB-C1. 
The reaction proceeds in absence of biocatalyst at 80°C, under reduced pressure (<5 mbar). Ratio between 
1
H NMR signals (200 MHz, CDCl3) at δ 4.08 (-CH2OC(O), ester) and δ 3.53 (-CH2-CH2-OH, free 1,4-
butanediol) permits to evaluate the progress of the polymerization. When Novozym 435 is employed for 
the synthesis of the oligomer, and hence free active enzyme is present in the media, the polymerization 
(Step 2) proceeds approximately 10 times faster. 
Catalyst employed for 
Step 1 Oligomerization 
Reaction 
conditions 
Time δ 4.08 δ 3.53 
Ratio 
δ 4.08 / δ 3.53 
Oligomer 20h, 50°C 0 h 17.41 9.89 1.76 
Novozym 435 80°C, <5 mbar 20 h 9.10 0.80 11.38 
Covalent CalB-C1 80°C, <5 mbar 20 h 18.0 9.6 1.88 
Covalent CalB-C1 80°C, <5 mbar 48 h 20.31 6.40 3.17 
Covalent CalB-C1 80°C, <5 mbar 72 h 21.89 5.06 4.32 
 
Besides, data clearly demonstrate that when Novozym 435 is employed for Step 1, and hence 
we are in presence of free active enzyme in the oligomer as evidenced in Chapter 4.3.1.2, the 
kinetic of conversion in Step 2 is approximately ten times faster in comparison with the 
conversion obtained when the oligomer (Step 1) is produced exploiting the covalent 
preparation CalB-C1 which guarantees no enzyme leaching during the oligomerization step 
(see Chapter 4.3.1.2). Notwithstanding the expected difference in the kinetic of conversion, 
results clearly demonstrate that at 80°C the polymerization can proceed even when there is no 
free active enzyme in the system. We can presume that Roberts did not observe this 
phenomenon since, as evidenced also from our results (Table 8), after 20h of reaction the 
difference in 
1
H NMR peaks ratio is not significant (1.76 for the oligomer, 1.88 for the 
polymer). Moreover it is crucial to underline that while Roberts performed the polymerization 
at 60°C we decided to boost the reaction rate increasing the temperature to 80°C. 
In order to investigate the structure of the polyesters obtained, MALDI-TOF-MS spectra of 
the samples were collected (Figure 34). Observed peaks correspond to a mixture of di-
hydroxy (1113 m/z), mono-hydroxy (1041 m/z) and di-carboxylic (969 m/z) functionalized 
polyesters. Absence of peak at 1023 m/z excludes the presence of cyclic polyesters. The 
repeating mass difference between the observed peaks is 200 Da which corresponds to the 
molecular weight of a single butanediol esterified with adipate unit.  
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Figure 34 MALDI-TOF MS spectra of the poly(1,4-butanediol adipate) (Step 2) obtained after 20h 80°C of 
reaction in absence of the catalyst. A: Adipic acid units, B: 1,4-butanediol units. 
 
Being in the presence of a polyester with a DP of 13, terminal carboxylic groups which are 
evidenced by MALDI-TOF-MS were not evidenced in 
13
C NMR (Figure 31) since carboxylic 
intensity is less than one tenth of the ester carbonyl group (δ 173 -CH2OC(O)) intensity, 
hence it is below the background signal.  
 
4.3.4 Polymer characterization by combining DOSY and GROMACS techniques 
In order to get some structural information and to estimate the Mn of the polymer synthesized 
in Chapter 4.3.3, an approach combining molecular modeling GROMACS (Groningen 
Machine for Chemical Simulation) and PGSE (Pulsed Gradient Spin-echo) DOSY (Diffusion 
Ordered Spectroscopy) NMR techniques was developed. NMR diffusion experiments allow to 
distinguish between different compounds in a mixture on the basis of translation diffusion 
coefficients (and therefore differences in the size and shape of the molecule, as well as 
physical properties of the surrounding environment such as viscosity, temperature, etc.) of 
each chemical species in solution. The method can provide information comparable to those 
obtainable from chromatographic methods for physical component separation. Unlike those 
techniques, it does not require any particular sample preparation or chromatographic method 
optimization and it preserves the original chemical environment of the sample during the 
analysis. Thanks to these characteristics, DOSY technique can be applied in molecular weight 
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distributions‟ analysis for organic polymers and biological molecules.183,184,185,186  DOSY has 
been already exploited even for the determination of molecular weight of uncharged water 
soluble oligo- and polysaccharides.
187
 In order to get an accurate estimation of the polymers‟ 
Mn using DOSY NMR, it is necessary to collect a number of information concerning the 
sample structure in the media employed for NMR measurement. At this purpose, GROMACS 
molecular dynamic simulation demonstrated to be an efficient method to estimate the shape 
parameters of aliphatic polyesters. GROMACS software employs a Message Passing 
Interface (MPI) parallelization method, which enables it to be used on cluster-type 
supercomputers. This algorithm couples a simple one dimensional domain decomposition 
method with a cyclic calculation procedure. Although it was developed for biological 
molecules with complex bonded interactions, GROMACS is still suitable for MD simulations 
of non-biological polymer systems because of its efficient calculation of non-bonded 
interactions.
188,189
  
 
4.3.5 PGSE (DOSY) NMR: function, principles and applications 
Originally utilized as a technique to measure diffusion coefficients of components in solution 
and to define domain size in emulsions in the late 1960s and early 1970s, PGSE NMR 
became more popular when instrumentation was further developed and spectral resolution 
improved.
190
 The idea of using PGSE NMR for mixture analysis was suggested in the early 
1980s. Despite this, it was not until shielded gradients and stable gradient drivers became 
commercially available in the early 1990s that the method gained widespread use. 
Furthermore, the studies generally focused on the analysis of known compounds in mixtures, 
not on the characterization of unknowns. Johnson and coworkers developed a formal method 
for using the PGSE NMR experiment for mixture analysis.
191,192
 The data processing 
approach, which they called diffusion ordered spectroscopy (DOSY), results in a 2-D plot 
with a chemical shift in one dimension and a diffusion coefficient in the other. DOSY is an 
extremely useful data processing scheme because it enables one to quickly correlate 
resonances with a specific component in solution, rather than a specific spin system. There are 
several examples of the use of PGSE NMR for mixture analysis including studies of small 
molecules, polymer mixtures, and quick screening methods for bioactivity.
193,194,195,196,197
  
PGSE NMR is sensitive to molecular size and provides a method for the determination of 
weight average molecular weights for polymers.
198,199,200,201
 Through enhancements and 
extensions of PGSE, it is now possible to obtain diffusion ordered NMR (DOSY) spectra of 
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polydisperse samples that display the complete mass weighted distribution of tracer diffusion 
coefficients at each chemical shifts. In this research our aim was to exploit PGSE nuclear 
magnetic resonance as an advantageous alternative to size exclusion chromatography for the 
determination of polyester Mn. 
 
4.3.6 GROMACS function, principles and applications  
GROMACS (Groningen Machine for Chemical Simulation) is an engine to perform 
molecular dynamics simulations and energy minimization developed by the research group of 
the Professor Berendsen and Professor Van Gunsteren of the Chemical Department 
University of Groningen during the second half of the eighties. It is a collection of libraries 
for molecular dynamics simulations (MD) and data analysis of the trajectories.
202,203
 
Even if the software was developed for biological molecules with complex binding 
interactions, the implementation of the non-bounded interactions calculations makes the 
software suitable for any kind of molecular dynamic simulation. Since diffusion coefficient of 
a molecule in a given media (in our case chloroform) is mainly related to three factors: the 
molecular weight, the shape of the molecule and its solvation number; we have exploited this 
innovative simulation technique to estimate all that parameters which are necessary to 
determine the polyester Mn exploiting DOSY measurements. 
 
4.3.6.1 Chloroform definition 
Solvent definition is of main importance for molecular dynamic simulation. Not all the 
existing solvents are defined in the force fields used to perform the simulations; hence quite 
often the definition of a new molecule is required. Definition of a single molecule like a 
protein ligand is not problematic because does not require a high precision level, on the 
contrary the definition of a new solvent is not trivial and represents a crucial step in the 
construction of the system for the simulation. In the case of solvents a single successful 
simulated molecule is not sufficient; a box with at least 200 solvent molecules has to be 
correctly simulated for a long time, at least 5 ns, in order to assure the simulation stability. 
Moreover a solvent needs to reach some features in order to fit the experimental 
characteristics required to assure that the simulation is realistic enough; in our case the 
defined solvent box had to fit the experimental density of the chloroform. A first starting point 
definition was obtained by using the Dundee PRODRG2 Server which gave back a 
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chloroform definition (itp file) for GROMOS 43a1 force field.
204
 The molecule definition was 
changed updating the atom types of the molecule to GROMOS 53a6 force field which 
represents the last GROMOS force field version; also the partial charges of the atoms were 
changed basing on a PM3 calculation of a single chloroform molecule performed by the 
software MOE. Starting from this first definition, a coordinate file (gro file) for a single 
molecule of chloroform was obtained by using the software PyMOL; the coordinates of each 
atom were manually corrected basing on the geometry of the PM3 calculation. 
The optimization procedure for a solvent consists in building a box of solvent molecules; 
equilibrate it by performing a minimization and subsequently a molecular dynamic simulation 
in NPT condition in order to reach the experimental solvent density at the equilibrium (Figure 
35). Before performing the minimization and the simulation it is possible to change different 
parameters in order to reach the final results in terms of solvent density of simulation stability. 
 
Figure 35 Exemplification of solvent equilibration: before molecular dynamic simulation on the left; final 
result on the right. 
 
The software modeFRONTIER was used for this purpose changing these definition 
parameters and hence reaching the best fitting with the experimental density of the solvent. 
The optimised parameters were: i) the atom partial charges, ii) the atom distances and force 
constants and iii) the angles sizes and the relative force constants. Is important to underline 
that in molecular dynamic and consequently in the field of molecular mechanics, molecules 
are defined as springs and their freedom is based on the rules of a harmonic oscillator. Hence 
the final chloroform definition was obtained (Figure 36) with a simulated density of 1.39 
g/cm
3 
against an experimental density of 1.47 g/cm
3
. 
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Figure 36 Final chloroform definition in GROMOS 53a6 force field obtained after optimization by 
modeFRONTIER. 
 
Unfortunately the simulation of the solvent box was unstable after 7 ns. Crashes of the system 
were due to a problem of the GROMOS force field: this force field in fact is a united atom 
type in which only the polar hydrogens are simulated and unfortunately the chloroform 
hydrogen are not polar enough as expected by the force field. The problem was solved by 
constraining atoms and angle of the optimised definition of the molecule. The constrained 
solvent was reminimised and dynamised reaching the density of 1.5 g/cm
3
. 
 
4.3.6.2 Polymer shape  
The shape of a polymer can be determined measuring the typical polymeric features such as 
the end to end distance or the gyration radius. These types of measurements can be performed 
experimentally or by a computational estimation after having modeled the considered 
polymer (in our case Poly(1,4-butanediol adipate) as synthesized in chapter 4.3.3) in the 
proper system.  
GROMAS
205
 software was used for the simulation with GROMOS 53a6 force field.
206
 The 
definition of the polymer in the force field was performed by defining first a one single 
polymer unit in the force field using the Dundee PRODRG2 Server. The generated topology 
was evaluated and manually corrected mainly focusing on atom types and partial charges.  
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Chloroform was used as simulation media since it is the same media used for the DOSY 
NMR experiments. A first simulation attempt was performed defining a small system with 
three monomer units explicitly solved in chloroform (Figure 37). 
 
 
Figure 37 First simulation attempt, 3 monomer units in licorice mode and chloroform molecules in line 
mode. Carbon atoms in light blue, oxygens in red and polar hydrogens in white. 
 
This first simulation was performed for 5 ns and demonstrated that the system was stable and 
could be properly simulated with this set of definitions while a wrong system definition 
usually causes repeated crashes of the simulation. Afterwards the polymer definition was 
extended to the whole polymer by scripting the procedure in Pearl language; the coordinates 
file (gro file) was generated by manually construction of the whole polymer molecule in 
PyMOL which generates a pdb file and converting the file in gro format by scripting the 
procedure in Pearl language.  
In order to limit the influence on the starting polymer conformation in the shape simulation, 
the molecule was initially created in a completely linear shape (Figure 38) with a degree of 
polymerization of 13 as determined by NMR spectra (Figure 31). 
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Figure 38 Whole polymer (DP=13) in a completely linear shape; the molecule is in licorice mode. Carbon 
atoms in light blue, oxygens in red and polar hydrogens in white. 
 
A system necessary to contain the linear shape of the polymer was set and the generated box 
was felt with chloroform. The system was then minimized for 10000 steps with a steepest 
descent algorithm and subjected to a 5 ns molecular dynamic simulation in NPT environment. 
Unfortunately the simulation crashed several times, different factors can cause a failure: i) the 
system is too far away from an energy minimum, ii) a too fast energy or conformation 
changing in the system or iii) parallelization problems. In order to avoid these problems the 
system was subsequently minimized in series changing each time the minimization algorithm 
alternating steepest descent and conjugate gradient with other steps with PME for electrostatic 
interactions. Unfortunately during the simulation the system resulted unstable. Considering 
the size of the system which was made by about 25 millions of simulated particles, probably 
the crashes were due to parallelization problems.  
These problems were finally solved by performing the simulation with implicit solvation. The 
system made by the whole linear polymer and defined with the electrostatic constant that 
corresponds to the chloroform, was minimized for 10000 steps with a steepest descent 
algorithm and subjected to a 1 ns molecular dynamic simulation in NVT environment as a 
first equilibration step. Afterwards a productive 5 ns of molecular dynamic simulation in NVT 
conditions was performed without any problems. 
The trajectory data were analyzed; the polymer assumes a globular shape during the first 300 
ps of the equilibration step. This globular conformation was retained for all the rest of the 
simulation time (Figure 39).   
 
 
80 SYNTHESIS OF POLYESTERS BY MEANS OF TAILORED COVALENTLY 
IMMOBILISED LIPASES 
 
Figure 39 Poly(1,4-butanediol adipate) conformation in licorice mode at the end of the 5 ns of molecular 
dynamic simulation in implicit chloroform. Carbon atoms in light blue and oxygens in red. 
 
End to end distance and radius of gyration were computed on the productive trajectory of 5 
ns. The measured end to end distance corresponded to 1.661 nm and the radius of gyration 
was 0.792 nm.  
 
4.3.7 Application of DOSY NMR and GROMACS in polyesters Mn estimation 
Einstein, in his series of papers on the study of the Brownian motion, proposed to use the 
diffusion coefficient as a way to access the size of molecules.
207
 Translational self-diffusion 
of a target molecule can currently be measured by Diffusion Ordered Spectroscopy (DOSY). 
Obtained through pulse field gradient (PFG) NMR experiments, such diffusion coefficients 
are measured with high accuracy. In recent years, measurements of diffusion based on NMR, 
which split the chemical shift dimension and the diffusion dimension, provided a large range 
of applications for polymer analysis.
208
 
In our research, performed in collaboration with Dr. Nicola D‟Amelio (CBM “Cluster in 
Biomedicine”, Area Science Park, Trieste), to measure Diffusion coefficients of 
poly(1,4butanediol adipate) synthesized as in Chapter 4.3.3, the intensity of the signals, 
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coming from their NMR spectra, were plot as a function of the gradient strength G and then 
regression analysis was performed with the following equation: 
 
)]//(Dqexp[II 232
0

    
 
where I and I0 are the intensities of the signal for each gradient strength used in the 
experiment and for 2% gradient strength, Δ and δ are the big and the little delta of the of the 
STEbp experiment (STimulated Echo with bipolar gradients), τ is the gradient pulse 
separation and q = 2πγδ. The STE version of the sequence was used to avoid thermal motions 
in solution due to the low viscosity of chloroform.
209
 The viscosity of the measured solution 
(i.e. 5 mg of poly(1,4-butanediol adipate) in 5mL of CDCl3) was determined by the diffusion 
coefficients D of the internal chloroform (D = 1.8*10
-9 
m
2
s
-1
) assuming a hydrodynamic 
radius for CDCl3 of 1.66 Ǻ using the following equation: 
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Where kB is the Boltzmann constant, η is the viscosity of the medium and rH is the 
hydrodynamic radius of the molecule, here assumed of spherical shape. The obtained value 
for the viscosity was 7.3*10
-4
 Kg m
-1
 s
-1
. 
In order to estimate the molecular weight of the species observed the apparent molecular 
weight M was calculated as follow:
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Where: k is the Boltzmann constant, T is the absolute temperature, η is the viscosity of the 
solution, NA is Avogadro‟s number, υ2 and υ1 are the partial specific volumes of the molecule 
and solvent respectively, and δ1 is the fractional amount of solvent bound to the molecule 
during the translation (solvation number). F is the shape factor, or Perrin factor, which is 
defined as the ratio of the friction coefficient of the molecule to that of a hard sphere with an 
equivalent mass and partial specific volume.  
Partial specific volume of the chloroform υ1 was calculated from its density and assumed to be 
0.676 mlg
-1
; υ2 was assumed to be 0.95 mlg
-1
 which is typical for many synthetic polymers 
e.g. polystyrene, polyesters and polyethers.
211,212,213
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As described in previous chapters 4.3.6.2, exploiting GROMACS dynamic simulation, the 
following polyester‟s parameters were extrapolated: Perrin factor (F) 0.826 (axial ratio 19/23 
Ǻ/Ǻ), gyration radius 0.792nm, end to end distance 1.661 nm. All these parameters have been 
estimated simulating the polyester chain in implicit chloroform (see Chapter 4.3.6.2) which 
was the solvent used for DOSY NMR measurements. 
Concerning solvation number δ1, since this value is specific for each solute-solvent couple and 
the value for poly(1,4-butanediol adipate) in chloroform is not reported in literature, a value 
of 0.4-0.8 gram of chloroform per gram of molecule was considered reasonable since 
tabulated in literature for aromatic polyester in chloroform under the same conditions of 
temperature and concentration.
214
 In order to verify that diffusion‟s coefficients obtained by 
DOSY NMR measurements were not invalidated by aggregation phenomena of the polyester 
chains in chloroform, some DOSY NMR spectra were collected varying the sample 
concentration from 5 to 20 mg/ml. Since no difference in diffusion coefficient was observed 
we can assert that the D obtained by the measurement (D = 2.46*10
-10 
m
2
s
-1
) is referred to 
only one single chain of polyester in chloroform (Figure 40).  
 
Figure 40 DOSY NMR spectra of poly(1,4-butanediol adipate). 
1
H NMR (600 MHz, CDCl3 ): δ 1.48 t, 2H, -
CH2-CH2-OH; δ 1.56 t, 2H, -CH2-CH2-OC(O); δ 1.68 t, 2H, -CH2-CH2-C(O)O-; δ 2.25 t, 2H, -CH2-CH2-
C(O)O-; δ 3.53 t, 2H, -CH2-CH2-OH; δ 4.08 t, 2H, -CH2OC(O). 
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Mn extrapolated from DOSY NMR experiments (Table 9) considering both values of 
solvation numbers (δ = 0,4 - 0,8) are in good agreement with Mn estimated through classical 
GPC and NMR methods (Table 10). 
 
Table 9 MW estimation of poly(1,4butanediol adipate) synthesized as described in chapter 4.3.3. D is 
diffusion coefficient, F is the Perrin Factor. Mw is the molecular weight as extrapolated from equation 
above reported. 
 
Table 10 Poly(1,4butanediol adipate) synthesized as described in chapter 4.3.3. [a] A = Adipic acid; B = 
1,4-butanidol; [b] Calculated from 
1
H and 
13
C NMR in CDCl3; [c] Calculated from GPC (THF 1 ml/min, 
PS standards); [d] Calculated from DOSY NMR in CDCl3. 
Polymer 
Ratio A:B
[a] 
(mol:mol) 
Reaction 
conditions 
Mn NMR 
[b] 
(gmol-1) 
Mn and (PDI) GPC 
[c]
 
 
Mn DOSY 
[d]
 
Polymer 1.0:1.1 20h, 80°C 2694 3191 (1.36) 
3536 (δ = 0,4) 
2895 (δ = 0,8) 
 
Obtained results open new perspectives for the study and characterization of polymers. In 
particular this new multi-techniques rational approach can be of interest to obtain many 
information on polymers‟ behavior in specific solvents as folding, solvation and aggregation 
of polymers‟ chains in a specific media can be easily assessed. 
 
 
 
 
 
 
 
 
 
 
Monomer D (m2s-1) 
Viscosity 
(Kg m-1 s-1) 
F  Mw 
CHCl3 1.8*10
-9
 7.3*10-4   
Polymer 2.46*10
-10
  0.826 
3536 (δ = 0,4)  
2895 (δ = 0,8) 
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4.4 Experimental Section 
4.4.1 Materials 
Novozym 435 (Candida antarctica Lipase B (CalB), 1,4-butanediol (99% purity), and diethyl 
adipate (99% purity) were purchased from Sigma Aldrich. Methyl hexyl 4-methylumbelliferyl 
phosphate was chemically synthesized at KTH “Royal Institute of Technology” Sweden. 
Adipic acid was kindly provided by Radici Chimica, Italy. CalB-A1 and CalB-C1 have been 
developed in our laboratory with the collaboration of SPRIN Technologies. Tributyrin and 
arabic gum were purchased from Fluka. All solvents were purchased from Sigma Aldrich. All 
reagents were used without further purification.  
4.4.2 Tributyrin hydrolysis assay 
The activity of enzymatic preparations (immobilized enzyme and free enzyme present in 
polyesters) was assayed by following the tributyrin hydrolysis and by titrating, with 0.1 M 
sodium hydroxide, the butyric acid that is released during the hydrolysis. An emulsion 
composed by 1.5 ml tributyrin, 5.1 ml gum arabic emulsifier (0.6% w/v) and 23.4 ml water 
was prepared in order to obtain a final molarity of tributyrin of 0.17 M. Successively 2 ml of 
Kpi buffer (0.01 M, pH 7.0) was added to 30ml of tributyrin emulsion and the mixture was 
incubated in a thermostated vessel at 30°C, equipped with a mechanical stirrer. After pH 
stabilization, about 30 mg of the immobilised enzymatic preparation or 100 μl of recovered 
oligomer was added. The consumption of 0.1 M sodium hydroxide was monitored for 15-20 
min in case of immobilized enzyme and for more than 30 min for the evaluation of residual 
active enzyme present in poly(1,4butanediol adipate) oligomer. One unit of activity was 
defined as the amount of enzyme required to produce 1 μmol of butyric acid per min at 30°C. 
4.4.3 Synthesis of poly(1,4-butanediol adipate)  Step 1: Oligomerization 
Adipic acid (9.85 g, 67 mmol) and 1,4-butanediol (6.35g, 70 mmol) (scale 16 g, ratio 1.0:1.1 
mol/mol) were mixed in a glass vial and homogenized under magnetic stirring in a solventless 
system. No pre-treatment needed. The product was transferred in a plastic syringe and the 
addition of immobilized enzyme (about 1% w/w) started the reaction that run for 20h at 50°C 
under blood rotator mixing. The final product (oligomer) is a viscous colorless liquid which 
can be recovered by filtration. No precipitation or purification was performed. All the 
reactions were performed considering the same units of enzyme calculated from the 
hydrolytic activity assay (tributyrin hydrolysis) for each preparation. Samples of oligomer 
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were withdrawn after 90, 150, 210 and 1200 minutes and analyzed at GPC, NMR and 
MALDI-TOF MS to monitor the reaction. So as to verify the presence of free active enzyme 
in the oligomer hydrolytic activity assay (tributyrin hydrolysis) was performed on each 
sample.  
4.4.4 Synthesis of poly(1,4-butanediol adipate)  Step 2: Polymerization 
The oligomer as produced in Step 1 was recovered after filtration and put in a rotary 
evaporator under reduced pressure (<5 mbar) at 80°C for 20h without biocatalyst. These 
conditions allow removing the water formed during the polyesterification. The final product 
(polymer) is a white waxy solid at room temperature. About 100 mg of crude product was 
dissolved in chloroform-d and analyzed by 
1
H and 
13
C NMR, 2D-
1
H-TOCSY-
13
C-HSQC 
NMR, DOSY NMR, DSC, MALDI-TOF-MS and GPC. 
4.4.5 Active site titration 
Around 15 mg of immobilized enzyme preparation was incubated in glass sealed vial with 
1.25 ml of solution containing 60 nmol/ml of inactivator (Methyl hexyl 4-methylumbelliferyl 
phosphate) in AcN, than 10% water was added (Figure 41). The vial was kept in dark at room 
temperature for 4 days under mild agitation.  
 
O OOP
O
O
CalB
CalB P
O
O +
O OHO
CH3CN/Water 10%
unactived enzyme 4-MU
methyl 4-methylumbelliferyl hexylphosphonate
Figure 41 Active site titration method. Permanent unactivation of the enzyme and release of the 
fluorescent molecule 4-MU. 
 
So as to evaluate the effect on the assay of the polymer used for enzyme immobilization, 
around 15 mg of support free of enzyme was put in the same conditions as before. To evaluate 
the spontaneous hydrolysis of the inactivator a vial containing Methyl hexyl 4-
methylumbelliferyl phosphate in AcN and 10% of water was kept in the same conditions 
(Figure 42). 
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Figure 42 Active site titration method: Blanks, control and sample. 
 
Fluorescence evaluation: 
A standard curve of 4-MU (Figure 43) was prepared dissolving 17.6 mg of 4-MU in 10 ml of 
MeOH and adding AcN to prepare 7 standard samples (0, 1, 5, 10, 25, 50, 100 nmol/ml).  
 
Figure 43 Standard curve 4-MU. 
 
To evaluate the fluorescence 900 μL of buffer (100mM Tris HCl pH8, 1mM CaCl2 10% AcN 
v/v) was added to 100 μL of each standard sample in quartz cuvette and assessed over 
fluorescence (Figure 44).  
 
 
 
 
 
Figure 44 Measurement of 4-MU released by enzyme inactivation. 
100ul  solution in 900 buffer 
TrisHCl, pH8, 1 mmol CaCl2, 10% AcN
Fluorescence measurement
O OHO
4-MU
Immobilized enzyme
Inibitor (AcN/H2O)
Polymer without enzyme
Inibitor (AcN/H2O)
Inactivator
(AcN/H2O)
Immobilized enzyme
AcN/H2O
Quantification Blank Blank Control
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The measurement of samples and blanks was performed using cut off 430 nm, Ex 360 nm, 
Em 445 nm, 1% attenuator, 10nm slit. The nmol of active enzyme present for g of 
immobilized preparation were calculated by standard curve.  
4.4.6 Recyclability study 
Diethyl adipate (6472 mg, 32 mmol) and 1,4-butanediol (3244 mg, 36 mmol) (scale 9.7 g, 
ratio 8:9 equivalents) were mixed in a 50 ml round reaction flask. Addition of the biocatalyst 
started the reaction that run for 5 h at 40
o
C under reduced pressure (<5 mbar) in rotary 
evaporator. The monomer conversion was estimated by 
1
H NMR at precise timing. About 50 
mg of crude samples were withdrawn after 10, 20, 40 and 300 minutes, than filtered and 
dissolved in chloroform-d1 and analyzed at 
1
H NMR. At the end of the reaction (5h) the 
biocatalyst was recovered by filtration. The reaction was then repeated under the same 
conditions with the same enzymatic preparation for 8 times in order to evaluate the 
recyclability of the biocatalyst. The amount of immobilized enzyme used for each preparation 
was in agreement with the amount of active enzyme present on the beads determined 
according to active site titration method (4.4.5). 
4.4.7 GROMACS 
Solvent definition was obtained by using the Dundee PRODRG2 Server which gave back a 
chloroform definition (itp file) for GROMOS 43a1 force field. The molecule definition was 
changed updating the atom types of the molecule to GROMOS 53a6 force field which 
represents the last GROMOS force field version; also the partial charges of the atoms were 
changed basing on a PM3 calculation of a single chloroform molecule performed by the 
software MOE. Starting from his first definition a coordinate file (gro file) for a single 
molecule of chloroform was obtained by using the software PyMOL; the coordinates of each 
atom were manually corrected basing on the geometry of the PM3 calculation. A box of 
solvent molecules was then build and equilibrated performing a minimization and 
subsequently a molecular dynamic simulation in NPT condition, the simulation proceeded till 
the density of simulated solvent reached the experimental value. 
GROMAS software was used for the simulation with GROMOS 53a6 force field. The 
definition of the polymer in the force field was performed by defining first a one single 
polymer unit (3 monomers) in the force field using the Dundee PRODRG2 Server. The 
generated topology was evaluated and manually corrected mainly focusing on atom types and 
partial charges.  
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Implicit and explicit chloroform was used as simulation media since it is the same media used 
for the DOSY NMR experiments. The implicit solvent was defined with the electrostatic 
constant that corresponds to the chloroform, the polymer chain (DP=13) was minimized for 
10000 steps in this system with a steepest descent algorithm and was subjected to a 1 ns 
molecular dynamic simulation in NVT environment as a first equilibration step. Afterwards a 
productive 5 ns of molecular dynamic simulation in NVT conditions was performed without 
any problems. The trajectory data were analyzed; the polymer assumes a globular shape 
during the first 300ps of the equilibration step which was retained for all the rest of simulation 
time. 
4.4.8 Gel Permeation Chromatography (GPC) 
GPC was performed at ICTP “Istituto di Chimica e Tecnologia dei Polimeri”, CNR Pozzuoli 
(NA), Italy; on GPC Waters 150C, detector PL-ELS 2100 (Polymer Laboratories), column 
PolyPore 7.5 mm, eluent THF (flow rate 1ml/min at 30°C), 9 PS standards (Mn 680, 1060, 
1100, 2450, 5050, 7000, 11600, 22000, 66000). Around 7 mg of sample was dissolved in 7 ml 
of THF and analyzed without pretreatment. 
4.4.9 Matrix-assisted Laser Desorption/ionisation-Time of Flight Mass 
Spectrometry (MALDI-TOF-MS) 
MADLI-TOF-MS spectra were collected on an Applied Biosystems 4800 MALDI TOF/TOF 
Analyzer. The matrix used for the preparation of the samples was HABA (2-(4-
hydroxyphenylazo)-benzoic acid) 0.2 M in THF. Around 10 mg of sample was dissolved in 1 
ml of THF and the solution was added to the matrix solution in a ratio between 1:2 and 1:10. 
Around 1 μl of this mixture was spotted on the MALDI target and was left to dry at room 
temperature before analysis. Positive ions were collected in linear and reflector mode. 
4.4.10 Differential Scanning Calorimetry (DSC) 
The thermal properties of the polymer and networks were analyzed by DSC. The experiments 
were performed on a Mettler Toledo DSC 822. The DSC runs were carried under N2 30 
ml/min, using the following temperature program: heating from -100°C to 100°C (10°C 
min/m1).  
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4.4.11 NMR Analysis 
1
H, 
13
C,  2D-
1
H-TOCSY-
13
C-HSQC (Total Correlation Spectroscopy, Heteronuclear Single 
Quantum Coherence Spectroscopy) and DOSY (Diffusion Order Spectroscopy) NMR  spectra 
were recorded on a Bruker Avance III Ultra Shield Plus 600 MHz spectrometer operating at 
600.17 MHz, available at CBM - Trieste. Chloroform-d, d-DMSO or D2O  were used as 
solvent. 
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4.5 Conclusions 
The covalently immobilized CALB preparation (CalB-C1), developed with the collaboration 
of SPRIN S.p.A, has demonstrated to guarantee no leaching of the enzyme under both 
standard leaching assay and under operational conditions.  
The covalent preparation has demonstrated to be the most stable over recycling during 
polycondensation.  
A strong effect of the free active enzyme present in the media of reaction during 
polycondensation over monomer conversion kinetic has been evidenced.  
The oligomers synthesized using different CALB preparations are characterized by the same 
PDI and Mn indicating that the enzymatic preparations influences only the kinetic of 
conversion but not the final chemical properties of the products.  
In the two steps polymerization after removal of the biocatalyst, polycondensation proceeds 
thermodynamically driven by water removal, even when the covalently immobilized 
biocatalyst is employed and no free enzyme is present in the enzymatically catalyzed 
oligomer (step 1). This confirms that this second step, which enables to enlarge the molecular 
weight of the polymer, is feasible and allows removing the biocatalyst from the reaction 
media before the product become too much viscous to be stirred without damaging the 
enzymatic preparation. Moreover, the exposure of the biocatalyst over denaturating conditions 
is reduced, thus extending its recyclability. 
An innovative technique based on PGSE (DOSY) NMR and GROMACS simulations has 
been developed in order to characterize the products obtained in terms of Mn and structure. 
This new method has demonstrated to be highly informative and reliable giving results 
comparable to that coming from other standard analytical methods e.g. GPC and classical 
NMR.  
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5 LACCASES: VALORIZATION OF LIGNIN AND AROMATIC 
POLYMERS 
5.1 Summary 
Lignin, a highly branched, irregular three-dimensional organic polymer is the most abundant 
biopolymer in Nature next to cellulose. Lignin is formed in nature through enzymatic initiated 
oxidative coupling creating typical carbon-carbon and carbon-oxygen lignin bonds eventually 
resulting in a lignin polymer. The complex nature of lignin makes it difficult to be processed 
and modified. Lignin is degraded by fungi of diverse taxonomic groups, of which the white 
rot basidiomycetes are the most efficient in this respect. These white rot fungi produce several 
types of redox enzymes, including laccases. 
Laccase (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) belongs to a group of polyphenol 
oxidases which  catalyze the reduction of oxygen to water accompanied by the oxidation of a 
substrate, such as methoxy-substituted monophenols, o,p-diphenols, aminophenols, 
polyphenols, polyamines, aryl amines and lignin. 
The enzyme exhibits a broad substrate specificity, which can be enhanced by addition of 
redox mediators. The efficiency of the latter, especially investigated for depolymerisation of 
lignin, has been demonstrated in a number of publications. The capability of laccases to form 
reactive radicals in lignin can be also used in targeted modification of wood fibers in order to 
improve the chemical or physical properties of the fiber itself.
215
  
The main purpose of this study was to evaluate the possibility of using laccases from fungi 
Panus (Lentinus) tigrinus 8/18, Lentinus strigosus 1566 and Steccherinum ochraceum 1833 in 
biotechnological processes of lignin transformation. Since lignocellulosic fibers are 
commonly insoluble in water, the laccases‟ stability and activity in different extreme 
conditions, also employing organic denaturating solvents, have a fundamental importance. 
Tasks of this study were:  
i. Evaluation of activity and stability of the studied laccases in the presence of organic 
solvents. 
ii. Investigation of the stability of laccases under the action of microwave irradiation.  
iii. Characterization of different types of lignin samples through determination of 
phenolic hydroxyl content.  
iv. Evaluation of changes in lignin structure after the treatment with laccases. 
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This research has been performed in collaboration with the Institute of Biochemistry and 
Physiology of Microorganisms of Puschino, Russia which produced and purified the different 
laccases. The remarkable stability and activity of laccase from Steccherinum ochraceum 1833 
have been evidenced and investigated. These results constitute the premises for practical 
applications of the enzyme under different industrial operational conditions. 
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5.2 Introduction 
5.2.1 Oxidative enzymes for polymer chemistry 
Enzymatic synthesis of polyphenols has been extensively investigated.
62,216,217,218
 So far, 
several oxidoreductases, peroxidase, laccase, bilirubin oxidase, have been reported to catalyze 
oxidation polymerization of phenol derivatives, hence the enzymatically synthesized phenolic 
polymers are expected to become an alternative to conventional phenolic resins, which have 
limitations of their preparation and use due to concerns over the toxicity of formaldehyde.
219
 
Moreover many chemical compounds employed in the classical industrial processing of 
polyphenols are highly resistant to biotic and abiotic degradation and, as a result, remain in 
the environment at toxic levels.
220
 Commonly polyphenol is considered as the simplest and 
most important phenolic compound in industrial fields, since it is a multifunctional monomer 
largely employed in oxidative polymerization. Conventional catalysts for phenol 
polymerization afford an insoluble product with non-controlled structure; differently the 
peroxidase catalysis induces the phenol polymerization in aqueous/organic mixtures to give a 
powdery polymer consisting of phenylene and oxyphenylene units showing relatively high 
thermal stability.
221
  
As general rule we can assert that advantages for enzymatic synthesis of polyphenols can be 
summarized as follows: i) the polymerization of phenols proceeds under mild reaction 
conditions without use of toxic reagents (environmentally benign process); ii) phenol 
monomers having various substituents are polymerized to give a new class of functional 
polyaromatics; iii) the structure and solubility of the polymer can be controlled by changing 
the reaction conditions; iv) the procedures of the polymerization as well as the polymer 
isolation are very convenient.
222
  
On the other hand the peroxidases-catalyzed phenol oxidation has several limitations, 
including the potential formation of residual products that remain in the aqueous phase and 
permanent peroxidase inactivation by various undesirable side reactions of the treatment 
process. In an attempt to decrease the cost of removing phenolic compounds from 
wastewaters, less expensive soybean and fungal peroxidases have been extensively 
investigated.
223
 Soybean peroxidase catalysed the oxidative polymerisation of cardanol, using 
methanol, ethanol, 2-propanol, t-butyl alcohol or 1,4-dioxane as solvents.
224
 Horseradish 
peroxidase (HRP) has been used to polymerise phenolic and aromatic amine compounds, 
while new types of aromatic polymers have been synthesized in water and in water miscible 
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organic solvents. As an example the soluble polyphenols were enzymatically obtained from 
m-substituted phenols.
225
 The HRP-catalyzed polymerization of m-cresol in an equivolume 
mixture of methanol and phosphate buffer (pH 7) produced the polymer with glass transition 
temperature (Tg) of 204◦C in a high yield, which was readily soluble in polar solvents such as 
methanol, acetone, DMF, and DMSO. As to m-alkyl substituted phenols, the enzyme origin 
strongly influenced the polymer yield; HRP could readily polymerize the monomer having a 
small substituent, whereas in the case of large substituent monomers, the high yield was 
achieved by using SBP as catalyst. Bisphenol-A was polymerized by SBP catalyst to give a 
soluble polymer with molecular weight of several thousands.
226
  
Another field of great interest for biocatalysed oxidative polymerizations is the production of 
conducting polymers which has a wide range of applications, including anticorrosive 
protection, optical display, light-emitting diodes etc.
227
 Polyaniline is one the most extensively 
investigated conducting polymers because of its high environmental stability and promising 
electronic properties. Currently, polyaniline is synthesized by oxidising monomer aniline 
under strongly acidic conditions and low temperature using ammonium persulfate as the 
initiator of radical polymerization. Chemical methods of polyaniline synthesis have some 
disadvantages, first the reaction is a radical polymerization and hence is not kinetically 
controlled and second, the reaction is not environmentally friendly because it is carried out at 
very low pH. For these reasons enzymatic polymerisation of aniline is an attractive alternative 
to the chemical synthesis of polyaniline. Horseradish peroxidase has been used at this purpose 
in the synthesis of polyelectrolyte complex polyaniline.
228
  Unfortunately HRP shows low 
activity toward aniline and low stability at pH below 4.5. In Nature, there are peroxidases that 
show good stability at low pH, making them a good alternative for polymerising aniline under 
acidic conditions.
229
 Enzymatic polymerisation of substituted and unsubstituted phenols and 
anilines was catalyzed by many peroxidases using a template which could be a micelle, a 
borate-containing electrolyte or lignin sulphonate.
230
 Conditions were adjusted to align the 
monomer along the template to produce a polymer-template complex which may be used in 
biological sensors and anti-static and anti-corrosive coatings amongst other uses.  
In the presence of H2O2, peroxidase catalyzes the oxidation of phenols that eventually give 
rise to higher molecular weight polymers.
231
 This characteristic can be used as an attractive 
alternative to the conventional formaldehyde method used for the production of lignin-
containing phenolic resins. Mn-peroxidase produced by the basidiomycete Bjerkandera 
adusta was used by Iwahara for acrylamide polymerisation, in the presence of 2,4-
pentanedione as a radical initiator.
232
 A patent has been filed in relation to in situ cross-linking 
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of proteins, including collagen, using HRP to form biocompatible semisolid gels.
 233
 This 
material can be used as wound sealant, delivery vehicle or as binding agent in food product 
applications. Another application of plant peroxidases in the field of organic and polymer 
synthesis is related to the coupling of catharanthine and vindoline to yield a-30,40-
anhydrovinblastine. This compound is believed to be the metabolic precursor of vinblastine 
and vincristine, which are part of most curative regimes used in cancer chemotherapy.
234
 
Another important group of oxidative enzymes are laccases. These enzymes are extracellular 
polyphenol oxidase produced prolifically by many species of white-rot fungi. Laccases can be 
employed both in the polymerization and de-polymerization of aromatic polymers and for this 
reason are of great interest for polymer chemistry. Laccase has an important role in lignin 
degradation in vivo and in some cases this class of enzymes can catalyze even the 
polymerization of lignin-related substrates, leading to the formation of lignin-analogue 
polymers. Beside that it was demonstrated that laccases provide an environmentally benign 
process for polymer production in air without the use of hydrogen peroxide which is normally 
required for proxidases catalysed polymeriazions. As regard polymer chemistry laccases has 
been employed in a wide range of polymerizations. As for example the laccase-catalyzed 
cross-linking reaction of new “urushiol analogues” for the preparation of “artificial urushi” 
has been demonstrated.
235,236 
These compounds were cured in the presence of laccase catalyst 
under mild reaction conditions without use of organic solvents to produce the cross-linked 
polymeric film with high gloss surface and good elastic properties. HRP, SBP, and laccase 
catalysis induce a new type of oxidative polymerization of 4-hydroxybenzoic acid derivatives, 
3,5-dimethoxy-4-hydroxybenzoic acid (syringic acid) and 3,5-dimethyl-4-hydroxybenzoic 
acid. The polymerization involves elimination of carbon dioxide and hydrogen from the 
monomer to give PPO derivatives with molecular weight up to 1.8 × 104.
237
 The compound 1-
naphthol was also polymerized in the presence of laccase.
238
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5.2.2 Laccases 
Laccases (benzenediol: oxygen oxidoreductase; EC 1.10.3.2) belong to the family of 
bluemulticopper oxidases (MCO), a large group of enzymes characterized by the presence of 
at least four copper ions distributed in cupredoxines domains and which includes, among 
others, the plant ascorbate oxidase, the mammalian plasma proteins ceruloplasmin and 
bilirubin oxidase.
239
 Being the smallest members of this enzymatic family and also widely 
spread out in Nature, laccases represent model enzymes among MCOs. The biological role of 
laccases varies, ranging from pigment formation, lignin degradation, detoxification, cell wall 
reconstruction and healing of tissues lesion, depending on the organism that produces and 
excretes it. Yoshida was the first to isolate this enzyme from the exudate of the Japanese 
lacquer tree Rhus vernicifera and to describe it in 1883.
240
 Since then laccases have been 
found in many plants, insects and bacteria, but are predominant in fungi (Figure 45).
241,242
 
 
Figure 45 Overall structure of blue laccase. 
 
This class of enzymes catalyzes the one-electron oxidation of four molecules of a reducing-
substrate concomitant with the four-electron reduction of molecular oxygen to 
water.
243,244,245,246
 
Being laccases able to oxidise a broad range of substrates such as: polyphenols, methoxy-
ubstituted phenols, diamines and some inorganic ions, this group on enzymes has an excellent 
potential as industrial biocatalysts for many applications like: textile dyeing/finishing, wine 
cork making, teeth whitening, wood fiber modification in the paper and pulp industry,
247
 or 
for green organic transformations of synthetic relevance, or finally in water/soil remediation, 
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in order to protect the environment from damages caused by industrial or urban 
effluents.
248,249,250,251,252
 
  
Due to its very broad substrate range, which varies somewhat from one laccase to another 
depending on the organism that produces it, it is difficult to classify this enzyme on the basis 
of the reducing substrates. The oxidation products are also quite diverse, although they all 
derive from an intermediate radical species initially produced by one-electron abstraction 
from the substrate by the enzyme. A second enzyme-catalysed oxidation can ensue, or else 
even a non-enzymatic process such as hydration or disproportionation and/or the initiation of 
a polymerization reaction, to give rise to a broad and uneven pattern of oxidation products. 
Just to offer an example laccases from plant induce the oxidative oligomerization of 
monomeric phenolic substrates (monolignols) and team up with other enzymes in the 
production of polymer lignin, the second most important organic biomaterial available in 
Nature.
253
 In another contest, laccases from fungi are capable to carry out the oxidative 
depolymerization of lignin in rotten wood.
254
  
The catalytic activity of the MCO enzymes is mainly grounded on the four copper ions 
present in the active site. They belong to three different kinds according to their spectroscopic 
properties: type-1 (T1) or blue copper, which presents a strong absorption around 600 nm and 
gives rise to the typical blue color of the proteins, in addition to a narrow hyperfine coupling 
in the EPR spectrum.
255,256,257
 Type-2 (T2) or “normal” copper, which exhibits only weak 
absorption in the visible region but is EPR-active. Finally, two type-3 (T3) copper ions 
characterized by an absorption band at about 330 nm and EPR silent, owing to an 
antiferromagnetic coupling mediated by a bridging oxygenated ligand (either water or a OHˉ 
ion). The T1 site is deputed to the monoelectronic oxidation of the reducing substrate, and 
acts as the first electron acceptor. Electrons, then, flow through a His-Cys-His bridge from T1 
centre to the T2 and T3 sites, which form a trinuclear copper cluster appointed to the O2 
reduction (Figure 46).
258
 Neither the mechanism of electron transfer from T1 site to the 
trinuclear cluster nor the mechanism of dioxygen reduction to water are fully understood for 
this enzyme.  
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Figure 46 Scheme of laccase catalytic mechanism. 
Being able to oxidize various aromatic compounds, laccases have an excellent potential as 
industrial biocatalysts for many applications, like wood fiber modification in the paper and 
pulp industry (LignozymR-process),
259
 or green organic transformations of synthetic 
relevance, or finally in water/soil remediation, in order to protect the environment from 
damages caused by industrial or urban effluents.
260,261,262,263 
 Commercially, laccases have 
been used to bleach textiles (DeniliteR from Novozym) or as biosensors, for example to 
distinguish between morphine and codeine.
264
 In addition to their broad specificity laccases 
cumulate interesting properties for biotechnological applications, in fact most laccases are 
very stable, especially at pH near neutrality and exhibit a high redox potential (around 0.78 V 
vs NHE). Moreover they use dioxygen as the final electron acceptor without the need of 
expensive cofactors.  
As mentioned, one of the most studied biological functions of laccases is related to the 
process of lignification of cell walls in plant, and to the biodegradation of lignin in wood by 
white rot fungi.
265,266,267,268 
At this regard laccases are believed to contribute to the oxidative 
degradation of smaller lignin units, such as dimers or trimers, deriving from the oxidative 
degradation performed by LiP or MnP, which are stronger oxidants. However, concerning the 
oxidative degradation of bulk lignin by laccase, several hypotheses, which imply the presence 
of small molecules called mediators acting as redox shuttles, have been evidenced.
266
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5.2.3 Chemical mediators for laccases’ catalysed oxidations 
The ability of laccases to oxidize phenolic and non-phenolic substrates with mediators has 
been widely demonstrated.
269,270
 Mediators are generally small easily-oxidizable organic 
molecules that, once oxidised by laccase, would diffuse away from the active site of the 
enzyme and deliver oxidative equivalents to the bulk polymer, thereby provoking its oxidative 
cleavage and solving the obvious problem of inappropriate matching between the small 
enzymatic active site and the big polymer (Figure 47).
271
 Laccase-mediator system (LMS) 
apart from improving the enzymatic efficiency towards substrates which are too large to enter 
the catalytic pocket, it additionally extends the range of substrates susceptible to laccase 
oxidation to those compounds whose redox potential is too high for the redox properties of 
the enzyme.  
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Figure 47 Schematic representation of laccase-catalysed redox cycles for substrates oxidation in absence 
(top) or in presence (bottom) of chemical mediators. 
 
At this regard a number of synthetic organic and inorganic mediators have been found, 
described, and patented (Figure 48). Even naturally occurring “native” mediators for laccases 
have been already discovered and identified.
272,273,274
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Figure 48 Chemical structure of  nine natural and synthetic mediators: a) Acetosyringone, b) 
Acetovanillone, c) Syringaldehyde, d) 2,6-dimethylphenol, e) 2,4,6-trimethoxyphenol, f) methyl vanillate, 
g) HOBt, h) VIO, i)TEMPO. 
 
More recently also thiol aromatic derivatives, N-hydroxy compounds and ferrocyanide, have 
been studied and reported as efficient oxidative mediators for lignin processing and dyes 
blanching.
275
 The oxidized mediators can undertake three different mechanisms of oxidation, 
depending on their particular nature and structure: i) an electron transfer route, comparable to 
the one accessible to the enzyme; ii) an hydrogen abstraction route and iii) a ionic oxidation 
mechanism that are unavailable to the enzyme.
276,277
 Therefore, the indirect mediated 
oxidation acquires novel features with respect to the normal behavior of the enzyme. At this 
regard our study, which has the aim of evaluating laccases‟ stability and activity, has been 
performed using “catechol” as substrate since it has been classified both as potential substrate 
for polymerizations and as a mediator in laccases oxidations.
278,279,280 
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5.2.4 Lignin structure and properties 
Lignin is formed via enzymatic polymerization of three principal monolignol precursors: p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Figure 49).
281,282 
 
 
  
         p-coumaryl alcohol coniferyl alcohol sinapyl alcohol 
Figure 49 Primary lignin monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol.
 
 
These lignols are incorporated into lignin in the form of the phenylpropanoids:  
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) respectively (Figure 50). A schematic 
representation of lignin structure is given in Figure 51. 
 
 
 
 
  
     p-hydroxyphenyl unit guaiacyl unit syringyl unit 
Figure 50 Structural units in lignin: phenylpropanoids: p-hydroxyphenyl (H), guaiacyl (G), and syringyl 
(S). 
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Figure 51 Structural model of softwood lignin according to Brunow G.
283
 
The role of laccase during the polymerization step almost certainly consists in the one 
electron oxidation of the monolignols to phenoxy radicals, which then randomly couple to 
give rise to a variety of bonds, the b-O-4, a-O-4 and b-1 inter-unit linkages being the most 
prevalent. White-rot fungi possess a very efficient lignin-degrading system composed of 
extracellular enzymes such as Lignin peroxidase (LiP), Manganese peroxidase (MnP) and 
laccases.
284
 Both the size and three-dimensional structure of lignin suggest that the initial step 
in its biodegradation cannot be an intracellular process. These three enzymes operate in a 
synergic way with different mechanisms. The exact role of laccase in lignin degradation is 
still subject to investigation, even though it has been demonstrated by Eggert and coworkers 
that the white rot fungus Pycnoporus cinnabarinus, which is able to expresses laccase but is 
unable to secrete neither LiP nor MnP, does degrade lignin very efficiently.
265
  
 
 
 
 
103 LACCASES: VALORIZATION OF LIGNIN AND AROMATIC POLYMERS 
5.2.5 Laccases for lignin valorization 
Biocatalysis is regarded as a key enabling technology for biomass conversion in general and 
for fulfilling the promise of lignin valorization in particular. The chemical literature on this 
topic is scattered, however, and focuses primarily on engineering and biology aspects of 
lignin rather than specifically on catalytic conversion or catalyst development, which is 
essential for efficient and selective lignin valorization processes.
285
 In addition, given the 
different aims and focus, reports on catalytic lignin conversion involve a wide range of 
conditions, solvents, catalysts, and model compounds. Following the biomass pretreatment, 
the lignin polymer is susceptible to a wide range of chemical transformations to form valuable 
chemicals. In particular the fragmentation reactions can be principally divided into lignin 
cracking or hydrolysis reactions, catalytic reduction reactions, and catalytic oxidation 
reactions. For lignin reductions, typical reactions involve the removal of the extensive 
functionality of the lignin subunits to form simpler monomeric compounds such as phenols, 
benzene, toluene, or xylene. These simple aromatic compounds can then be hydrogenated to 
alkanes or used as platform chemicals for the synthesis of fine chemicals exploiting 
technologies already developed in the petroleum industry. During laccases mediated 
oxidations lignin is converted to more complicated platform chemicals with extensive 
functionality or converted directly to target fine chemicals.
286
 Laccases are able to catalyze 
the oxidation of ortho- and para-diphenols, aminophenols, aryl diamines, polyphenols, 
polyamines, lignin as well as some inorganic ions coupled to the reduction of molecular 
dioxygen to water.
287,288
 Furthermore, fungal laccases catalyse demethylation reactions,
289
 an 
important and initial step of the biodegradation process of polymer chains, and subsequently 
decomposes the lignin macromolecule by splitting aromatic rings and C–C bonds in the 
phenolic substructures.
290,291
 Moreover, the natural phenolic substrates of laccases, which are 
part of the extractive substances of wood, could also be the enhancers for the enzyme and 
increase the activity of laccase towards the lignin matrix during its destruction by fungi.
292
 
Bohlin and coworkers performed a direct comparison between enzymatic (i.e., lignin 
peroxidase, laccase) and nonenzymatic catalysts (Fenton‟s reagent, lead tetraacetate) and 
noted differences in the catalyst to oxidize the erythro or the threo form of the -O-4 linkage in 
softwood.
293
 The only certain fact is that laccase is a mandatory enzyme for lignin conversion, 
since laccase-deficient mutants completely lose the ability to degrade lignin.
294
 At this regard, 
laccases appear to play two „„opposite‟‟ roles. On one side, as discussed, this class of enzymes 
is responsible for lignin degradation processes exploiting natural redox mediators, as well 
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being able to oxidize natural lignin by a long-range electron transfer mechanism; on the other 
side, laccases mediate a building process involving condensation and polymerisation of the 
products of lignin degradation by fungal laccases. In nature it has been demonstrated that the 
role of this condensation and polymerisation is involved in the protection of the fungus 
mycelium from toxic substances.
295
  
 
5.2.6 Lignin valorization for new bio-based plastics 
Traditionally lignin has been viewed as a waste material or a low value by-product of pulping 
with its utilization predominantly limited to use as a fuel to fire the pulping boilers.
296
 Indeed 
it has been estimated that only 1–2% of lignin is isolated from pulping liquors and used for 
specialty products, e.g. to be employed as stabilizers for plastics and rubber as well as in the 
formulation of dispersants and surfactants.
297
 Much of this can be attributed to its role in 
chemical recovery, but much of its use has been dictated by its complex irregular 
macromolecular properties. Advances in specific chemical processing have meant that the 
lignins produced either by pulping or other means are no longer necessarily as chemically 
heterogeneous as they previously were. Also the chemical industries are broadening their end 
user markets leading to requirements for a feedstock base that can meet the needs of these 
new end products and imbue them with novel properties. In addition, the increasingly 
stringent environmental waste regulations, both at the national and European level, mean that 
all wastes must be dealt with and the diverse chemical moieties inherent in lignins from 
diverse plant sources and processing/extraction methods mean that it should profit from this 
via purification, processing and integration into new and established chemical industry 
subsectors such as polymers, resins, adhesives, etc. However, as part of emerging wood-to-
ethanol biorefinery platforms lignin utilization is becoming more important  whereas 
nowadays the residual lignin is used as a fuel for power generation to drive the fermentative 
ethanolification.
298
. Here, value-added lignin-based materials and chemicals are needed to 
offset the low cost of the commodity fuel. There has been a growing interest in utilizing 
lignin‟s hydrophobic polyol structure to develop novel lignin-based functional materials. Soft, 
hydrated lignin-based gels have been produced from technical lignins and shown to separate 
alcohols and other small organic molecules from fermentation broths.
299
 Temperature-
responsive urethane and epoxy gels derived from hydroxypropylcellulose bearing lignin have 
been shown to have a lower LCST (lower critical solution temperature) than those prepared 
without lignin.
300
 The blending of lignins with hydrophilic polymers like polyethylene oxide 
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and starch, as well as other thermoplastics has been shown to improve the thermal properties 
and processability of lignin.
301
 The grafting of lignin with synthetic polymers offers the 
potential for preparing a new class of engineering plastics.
302
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5.3 Results and discussion 
5.3.1 Evaluation of laccases’ activity in presence of organic solvent 
Laccases can be used in aqueous-organic solvent mixtures and also in low-water media.
303
 
Generally speaking enzyme activity in organic solvents displays marked solvent effects, both 
in terms of activity and stability.
304
 Different solvents can affect the substrate-enzyme 
interactions and also the conformational mobility of the catalyst, thus altering kinetic 
properties. On the other side, polar solvents interacts with protein‟s hydrogen bonds as well as 
with the water molecules determining the native structure of the enzymes, leading to 
perturbation of the native conformation of the protein and ultimately to enzyme denaturation. 
Finally, organic solvents differ in their effect on the thermodynamic water activity (aw), 
namely by modifying the “free water” available for enzyme hydration. 
Here we report the effect of different water-miscible co-solvents on laccase activity and 
stability.
305
 The first part of the work evaluates the initial activity of three different laccases in 
presence of different dioxane and ethanol concentrations. The rational for the selection of the 
solvents was the solubility of different types of lignins of industrial interest.  
The activity assay was performed directly in organic/buffer mixtures using catechol solution, 
since the ABTS-based assay is unreliable in these media because of the decreased stability of 
ABTS
+
.
306
 Moreover catechol oxidation assay can be performed in less than one minute 
assuring the correct estimation of laccases‟ activity before deactivation by organic solvents 
occurs. Results show that laccase from P. tigrinus undergoes a strong decrease in the activity 
which is proportional to the organic solvent concentration in the incubation media. In 
particular, in comparison with the initial enzymatic activity in buffer, the presence of 50% 
dioxane reduces the initial activity to 8%, and the presence of 50% ethanol to 15% (Figure 
52). 
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Figure 52 Dependence of initial activity of laccase from fungus P. tigrinus 8/18 on dioxane (●) or ethanol 
(▲) concentration in miscible buffer/organic solvent mixture. Each data point is the average of at least 
four measurements. The error bars visualize the standard deviation.  
 
This behavior is common also for the laccase from L. strigosus 1566. In this second case the 
presence of 50% dioxane solution reduces its activity to 13% of the initial one, whereas the 
presence of 50% ethanol decreases it to 24% (Figure 53). 
Organic solvent, % (v/v)
0 10 20 30 40 50
L
a
c
c
a
s
e
 a
c
ti
v
it
y
 (
%
)
0
20
40
60
80
100
 
Figure 53 Dependence of initial activity of laccase from fungus L. strigosus 1566 on dioxane (●) or ethanol 
(▲) concentration in miscible buffer/organic solvent mixture. Each data point is the average of at least 
four measurements. The error bars visualize the standard deviation. 
 
Laccase from S. ochraceum 1833 is characterized by a different behavior. Results 
demonstrate that in the presence of 50 % ethanol this enzyme retains 25% of its initial 
activity, whereas when 50% of dioxane is employed as organic solvent the enzymatic activity 
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decreases quickly to 7% of the initial one (Figure 54).  Enzymatic reactions in organic 
solvents are typically far slower than in water, although numerous strategies for accelerating 
them have been developed.
307
 This behavior cannot be imputed to enzyme inactivation by the 
presence of organic media since, in our case, the catechol assay is performed is less than one 
minute whereas denaturation is evidenced only after several minutes of incubation. At this 
regard it has already been discovered that the presence of organic solvent can increase or 
decrease hundred times the enzymatic conversion rate of a specific reaction.
308
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Figure 54 Dependence of initial activity of laccase from fungus S. ochraceum 1833 on dioxane (●) or 
ethanol (▲) concentration in miscible buffer/organic solvent mixture. Each data point is the average of at 
least four measurements. The error bars visualize the standard deviation. 
 
From the reported data, as a general rule we can assert that dioxane has a stronger 
denaturating effect than ethanol on the laccases tested in this study. These results are in good 
agreement with data previously reported in literature.
309
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5.3.2 Evaluation of laccases’ stability in presence of organic solvent 
Another key factor which influences the choice of the proper media to perform laccases‟ 
mediate reactions is the stability of the enzymes in the selected conditions. It is well known 
that the presence of polar organic solvent has a strong denaturating effect over laccases‟ 
stability.
310,311
 
Here we describe the time-dependence effect of two organic/buffer mixtures over laccases‟ 
activity. The above mentioned enzymes were incubated in the presence of dioxane/buffer or 
ethanol/buffer mixtures (1:1 v/v). After the incubation the residual laccases‟ activity was 
measured in buffer by a standard activity assay. Results clearly show that laccases from P. 
tigrinus 8/18 (Figure 55) and from L. strigosus 1566 (Figure 56) are both characterized by a 
similar behavior, losing almost completely their activity in less than one hour. It is worth to 
underline that laccase form L. strigosus 1566 seems to be slightly more stable showing about 
25% of the initial activity after 1 hour of incubation in 50% of dioxane whereas under the 
same conditions laccase from P. tigrinus reduces its activity to 0. 
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Figure 55 Time-dependent activity of laccase from fungus P. tigrinus 8/18 during incubation in 1:1 
buffer/organic solvent mixtures. Co-solvents are dioxane (■) and ethanol (▲). Each data point is the 
average of at least four measurements. The error bars visualize the standard deviation.  
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Figure 56 Time-dependent activity of laccase from fungus L. strigosus 1566 during incubation in 1:1 
buffer-organic solvent mixtures. Co-solvents are dioxane (■) and ethanol (▲). Each data point is the 
average of at least four measurements. The error bars visualize the standard deviation.  
 
In comparison with the previous laccases, the S. ochraceum 1833 laccase is characterized by a 
drastically unusual stability in presence of both 50% of dioxane and 50% of ethanol (Figure 
57). Analyzing the activity plot it is possible to observe an initial increase in the enzymatic 
activity during the first 24h of incubation in the media ascribable to a phenomenon of 
conformational adaptations. After this initial adaptation period the enzyme shows a gradual 
decrease in the activity during the entire period of measurement. Anyhow, after 10 days of 
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incubation in both organic/buffer mixture solutions, the activity of S. ochraceum 1833 laccase 
is still higher than the initial one. 
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Figure 57 Time-dependent activity of laccase from fungus S. ochraceum 1833 upon incubation in 1:1 
buffer/organic solvent mixtures. Co-solvents are dioxane (■) and ethanol (▲). Each data point is the 
average of at least four measurements. The error bars visualize the standard deviation.  
 
This unique behavior can be imputed to structural features of this laccase which affect 
positively its stability. In particular it has already been reported in literature the strong 
relationship between the hydrophilicity of a protein and its stability against denaturation by 
organic solvents.
312
 In this specific case the major effect can be imputed to the presence of 
glycans on the laccase‟s surface. It is widely recognized that glycosylation alters the behavior 
of the native protein, by increasing thermal stability, improving solubility and preventing 
aggregation as well as proteolitic attack.
313
 Halling and co-workers suggested how different 
glycosylation patterns may induce a variation of the activity/aw profiles of enzymes in 
organic solvent.
314
 However, structural analysis of glycans is very complex, due to macro- 
and micro- heterogeneity, so that the precise nature and size of these glycans would require 
further separate studies. In order to better understand the chemical and conformational 
features which confer to this laccase such an extraordinary stability CD experiments are under 
evaluation. 
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5.3.3 Evaluation of laccases’ thermostability with and without microwaves 
irradiation 
Microwave irradiation was recognized in the mid-1980s to be an efficient heating source for 
chemical synthesis, where reactions that require several hours under conventional conditions 
can often be completed in few minutes with very high yields and reaction selectivities.
315,316
 
Many reports have been published on the beneficial effect of microwave irradiation in organic 
synthesis e.g.: for the preparation of heterocycles and for organometallic and rearrangement 
reactions.
317,318
 A number of review articles have appeared that cover the underlying theory of 
microwave dielectric heating, the relevant dielectric parameters, and microwave-assisted 
organic reactions.
319,320 
Nowadays microwaves radiation is a very reliable and common heating technique which is 
widely used also in enzymatic chemistry.
321
 In many cases microwaves radiation in 
biocatalysed reactions permits to improve reactions‟ kinetic and synthetic yield improving the 
efficiency of the biocatalyst.
322,323,324,325,326 
For this reason we decided to assess the 
microwaves effect on laccases‟ stability in order to evaluate if this technique can be employed 
in laccases‟ catalyzed biotransformation reactions. A preliminary study to evaluate the 
laccases‟ thermostability was performed employing standard heating system. Samples of 
laccases from P. tigrinus 8/18, L. strigosus 1566 and S. ochraceum 1833 were incubated in 
buffer at different temperatures. Data clearly show that laccase from S. ochraceum 1833 is 
characterized by an extraordinary thermostability even at 80
o
C, whereas the other two 
enzymes denaturate quickly even at 60
o
C. Obtained results are in good agreement with 
previous experiments reported in literature for half life stability of S. ochraceum 1833 
laccase.
327
  
After this initial evaluation, in order to discriminate between traditional heating system and 
microwaves heating system, all the considered enzymes were incubated in standard buffer 
solution at 60
o
C or 80
o
C with and without MW radiation. The different temperatures were 
selected on the basis of the lower stability of laccases from P. tigrinus 8/18 and L. strigosus 
1566, which undergo a fast and complete denaturation at 80°C, whereas, in order to evaluate 
the microwaves non-thermal effect, it is necessary to monitor the laccases activity for several 
minutes. For this reason these enzymes were incubated at 60
o
C/10W whereas the laccase from 
S. ochraceum 1833, which has demonstrated to be more thermostable, was incubated at 
80
o
C/10W. Results demonstrate that the exposure to MW radiation causes a non-thermal, 
irreversible and time-dependent inactivation of all enzymes. To go more in detail, all laccases 
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undergoes to a complete denaturation in less than 5 minutes when WM radiation is employed, 
whereas under classical heating their stability is higher (Figure 58, Figure 59, Figure 60). 
Such a behavior has been already reported in literature for other class of enzymes and it is 
commonly known as “non-thermal microwaves effect”.328,329,330 In this specific case the 
electromagnetic field is highly likely involved in protein unfolding which occurs in few 
minutes.
331
 Porcelli et al. evidenced that microwaves radiation can cause a non-thermal, 
irreversible and time dependant inactivation of a series of enzymes (namely hydrolases and 
phosporilases).
332
 In particular it has been confirmed, exploiting fluorescence and circular 
dichroism techniques, that microwaves induce structural rearrangements not related to 
temperature.
333
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Figure 58 Time-dependent activity of laccase from fungus P. tigrinus 8/18 at 60
oC with (●) and without 
(▲) microwave radiation. Each data point is the average of at least three measurements. The error bars 
visualize the standard deviation. 
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Figure 59 Time-dependence of activity of laccase from fungus L. strigosus 1566 at 60
o
C with (●) and 
without (▲) microwave radiation. Each data point is the average of at least three measurements. The 
error bars visualize the standard deviation.  
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Figure 60 Time-dependence of activity of laccase from fungus S. ochraceum 1833 at 80
oC with (●) and 
without (▲) microwave radiation. Each data point is the average of at least three measurements. The 
error bars visualize the standard deviation.  
 
In order to further highlight the differences in terms of thermostability under MW radiation, 
all three enzymes were incubated at 50W, 50
o
C. By increasing the radiation power to 50W 
and reducing the temperature to 50
o
C it is possible to enhance the radiation effect of 
microwaves over the enzymes. Once more we can observe that S. ochraceum 1833 laccase is 
characterized by an unusual high stability. In particular during the first 60 minutes of 
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incubation an increase in the enzymatic activity (probably due to conformational adaptations) 
was observed (Figure 61). After this initial adaptation period the enzyme shows a gradual 
decrease in the activity during the entire period of measurement (3 hours). The other two 
enzymes are characterize by a different behavior, in particular laccase from Lentinus strigosus 
looses completely its activity in less than 10 minutes (Figure 62), whereas laccase from Panus 
(Lentinus) tigrinus is characterized by an intermediate behavior showing 25% of its initial 
activity after 60 minutes (Figure 63).  
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Figure 61 Time-dependence of activity of laccase from fungus Steccherinum ochraceum under microwave 
irradiation 50 W, 50
o
C. Each data point is the average of at least three measurements. The error bars 
visualize the standard deviation. 
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Figure 62 Time-dependence of activity of laccase from fungus Lentinus strigosus under microwave 
irradiation 50 W, 50
o
C. Each data point is the average of at least three measurements. The error bars 
visualize the standard deviation. 
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Figure 63 Time-dependence of activity of laccase from fungus Panus (Lentinus) tigrinus under microwave 
irradiation 50 W, 50
o
C. Each data point is the average of at least three measurements. The error bars 
visualize the standard deviation. 
 
Also in this case the extraordinary stability of S. ochraceum 1833 laccase can be imputed to 
its structural features which affect positively its stability in the presence of MW radiation. In 
order to better understand the conformational features responsible for this extraordinary 
stability, spectroscopic (CD, Fluorescence) and modeling studies are ongoing. In particular, 
modeling studies already pointed out how the reasons for increased stability must be searched 
in the position and extension of glycosylation rather in different structural features of the apo-
enzyme.  
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5.3.4 Lignin characterization  
5.3.4.1 Determination of phenolic hydroxyl content of lignin samples 
When considering lignin degradation by enzymes, researchers often divide the lignin 
substructures into phenolic and non-phenolic.
334
 Phenolic substructures contain a phenolic 
hydroxyl group on the aromatic ring and are more easily degraded than non-phenolic ones. In 
particular laccase is able to degrade only phenolic lignin substructures unless a laccase 
mediator is present (see Chapter 5.2.3).
335,336 
The aim of this research is to evaluate the 
capability of the three considered laccases in non-mediated degradation of lignin. For this 
reason it is necessary to select the proper kind of lignin with adequate phenolic hydroxyl 
content. Considering complexity of lignin structure and the increasing number of technical 
applications of various lignin derivatives it is desirable to characterize such materials by 
methods sufficiently simple and rapid for routine applications. The determination of phenolic 
hydroxyl groups in lignin preparations by purely chemical methods, such as methylation, is 
difficult and time-consuming. For this reason a series of papers have been devoted to the 
problem of investigating the UV spectra of model lignin substances. However an analysis of 
the published data with respect to the composite absorption contours of lignin substances 
showed that the very same bands of the spectrum are attributed by the various authors to 
different parts of the molecule, a series of overlapping bands remains unmentioned, and the 
shortwave region of the spectra below 230-240 nm is usually not interpreted. The results of 
the resolution of the overall absorption contours and the detection of individual bands and 
their identification are given in a number of papers,
337,338,339 
for this reason we have decided to 
proceed with a UV method for lignin characterization. On this respect, the content of different 
types of phenolic hydroxyl groups of eight types of lignin was analyzed. The ionization 
difference UV-method was exploited to measure the four types of unconjugated phenolic 
hydroxyl groups for the considered lignins (Figure 64).
340
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Figure 64 Different types of phenolic groups presented in lignin structure.  
 
Table 11 reports the results obtained from the measurement of phenolic hydroxyl groups 
content for different lignins and lignosulfonates. Results clearly show that the highest total 
amount of unconjugated phenolic hydroxyl groups was determined in alkali lignin from 
Sigma-Aldrich. 
 
Table 11 Contents of different types of phenolic hydroxyls in the structures of the investigated 
lignins. 
Lignin sample 
[OHI] 
% 
[OHII] 
% 
[OHIII] 
% 
[OHIV] 
% 
[OHtotal] 
% 
Lignin, alkali (Sigma-Aldrich) 2.69 0.40 1.30 0.12 4.51 
Lignin, alkali, low sulfonate content 
(Sigma-Aldrich) 
2.02 0.28 0.88 0.034 3.214 
Lignosulfonic acid, sodium salt 
(Sigma-Aldrich) 
1.29 0.08 0.35 0.014 1.734 
Lignosulfonic acid, sodium salt, 
desulfonated (Sigma-Aldrich) 
1.21 1.04 1.77 0.09 4.11 
Lignin from birch 0.31 0.15 0.24 0.005 0.705 
Milled wood lignin from pine 0.15 0.004 0.22 0.02 0.394 
Lignin mix from birch and aspen 1.24 0.20 0.47 0.02 1.93 
Lignin from Yuasa 2.64 0.62 1.31 0.07 4.64 
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As previously mentioned, since the presence of phenolic hydroxyl groups greatly enhance the 
enzymatic degradation rate of lignin, “Lignin alkali” from Sigma Aldrich was selected to 
perform the laccase mediated degradation experiments in several different media.  
 
5.3.4.2 Analysis of lignin structure by FTIR spectroscopy after treatment with 
laccases in different conditions. 
In order to evaluate the activity of the above mentioned laccases on lignin, selected alkali 
lignin from Sigma-Aldrich was incubated with our enzymes under different conditions: in 
100% buffer, 50% dioxane/buffer solution and 50% ethanol/buffer solution. The samples 
recovered were isolated and analyzed using Fourier Transform Infrared spectroscopy (Figure 
65).
341
 Spectra are characterized by standard lignin peaks. The change in the amount of 
unconjugated C=O and COOH groups and conjugated C=O groups after incubation with 
laccase in different conditions demonstrate that our laccases are suitable for lignin treatment 
even in organic/buffer mixtures.  
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Figure 65 FTIR spectra of lignin treated by laccases in: buffer (A); in 1:1 buffer-dioxane mixture (B) and 
in 1:1 buffer-ethanol mixture (C). Blue – spectra of untreated lignin, Pink – treated with S. ochraceum 
1833, Grey – treated with P. tigrinus 8/18, Red – treated with L. strigosus 1566. G – guaiacil and S – 
syringyl type of lignin. 
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In agreement with the above reported stability and activity studies, it is worthwhile to 
underline that laccase from Panus (Lentinus) tigrinus 8/18 (Figure 65, Grey) shows an 
intermediate lignin degradation capability in buffer but shows the worst performance in 
organic/buffer mixtures. This behavior can be imputed to its low stability and activity 
previously described in organic media. Differently laccases from Steccherinum ochraceum 
and Lentinus strigosus seem to be characterized by the same lignin transformation capability. 
Unfortunately FTIR spectra are not precise enough to give an exact estimation of the lignin 
Mn after laccases treatment, for this reason further GPC and NMR experiments will be 
performed. 
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5.4 Experimental Section 
5.4.1 Materials 
Catechol, lignin and all solvents were purchased from Sigma Aldrich. All reagents were used 
without further purification. Laccases from the fungi Panus (Lentinus) tigrinus 8/18, 
Steccherinum ochraceum 1833 and Lentinus strigosus 1566 were purified and characterized 
in Institute of Biochemistry and Physiology of Microorganisms, Russia. 
5.4.2 Measurement of laccase activity 
Laccase activity was determined measuring the oxidation of 10 mM catechol buffered with 20 
mM Na-acetate buffer, pH 5.0. Enzymatic activity was determined spectrophotometrically in 
1 cm quartz cuvettes at 25
o
C. The progress of the enzymatic oxidation was monitored at 400 
nm for 1 minute. 
5.4.3 Measurement of laccase activity in organic/buffer mixtures 
Aliquots of 20 mM acetate buffer (pH 5.0) and organic co-solvent were mixed to a total 
volume of 1 ml. Laccase solution (10 μl) and 10 μl of 1 M catechol solution in 20 mM acetate 
buffer (pH 5.0) were then added. Laccase activity was determined at room temperature. The 
progress of the enzymatic oxidation was monitored at 400 nm for 1 minute. 
5.4.4 Measurement of laccase stability in mixed solvents 
Solutions of laccase were prepared by adding 10 μl of purified laccase stock solution into the 
desired buffer/organic solvents mixed in proportion 1:1 and incubated at room temperature. 
At different time points aliquots of this solution were employed for the spectrophotometric 
assay with catechol. 
5.4.5 Measurement of laccase thermostability 
Solutions of laccases were prepared by diluting 10 μl purified laccase stock solution in 20 
mM acetate buffer (pH 5.0), and incubated at 60
o
C for P. tigrinus 8/18 and L. strigosus 1566, 
and 80
 o
C for S. ochraceum 1833. At different time points aliquots of this solution were 
employed in the spectrophotometric assay with pyrocatechol. 
 
123 LACCASES: VALORIZATION OF LIGNIN AND AROMATIC POLYMERS 
5.4.6 Measurement of laccase stability upon microwave radiation 
Solutions of laccase were prepared by diluting 10 μl purified laccase stock solution in 20 mM 
acetate buffer (pH 5.0), and exposed to microwave irradiation. Irradiation power was 10 or 50 
W, and the temperature was 50
 o
C or 60
o
C for P. tigrinus 8/18 and L. strigosus 1566, and 
50
o
C or 80
 o
C for S. ochraceum 1833. At different time points, aliquots of this solution were 
employed in the spectrophotometric assay with catechol. 
5.4.7 Measurement of phenolic hydroxyl content in lignin samples 
A solution containing 10 mg of lignin sample in 10 ml of dioxane or water was prepared. As 
soon as the sample was completely dissolved, 0.2 ml portions of the solution were diluted to 5 
ml by buffer solution with pH 12 (alkaline solution), 0.2 ml portions of the solution were 
diluted to 5 ml by buffer solution with pH 6 (neutralized solution) and 0.2 ml portions of the 
solution were diluted to 5 ml by 0.2 N NaOH solution. The difference spectrum was 
determined by measuring the absorbance of the alkaline solution in relation to neutralized 
solution and NaOH solution in relation to neutralized solution. The phenolic hydroxyl group 
content of the lignin samples was calculated using the Δαmax value of the sample and an 
average Δεmax value for the model compounds. 
5.4.8 Lignin precipitation 
Lignin treatment and precipitation method is the same reported in literature by Mattinen.
342
 
 
Figure 66 Lignin enzymatic treatment and further precipitation as described by  Mattinen.
342
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After lignin treatment with laccases in the media of interest (buffer and organic/buffer 
mixtures), the recovered solution were divided in two parts. In one half of the reaction 
mixture, laccase activity was stopped with 0.05% sodium azide (“liquid lignin”). In the other 
half of the reaction mixture the pH of the solution was adjusted to 2.5 with 1M HCl in order 
to precipitate lignin. The precipitated lignin was then centrifuged and washed with proper 
water (pH 2.5). After centrifugation, the solid lignin was drier under vacuum with P2O5 as 
drying agent; samples were then analyzed with FTIR. Supernatants were discarded. 
5.4.9 Measurement of FTIR spectra 
FTIR spectra of the enzymatically treated and untreated lignin were measured using 
spectrometer Jasco FT/IR-200. Few milligrams of dried lignin after precipitation were applied 
for the analysis. Absorption spectra (4000 – 400 cm-1) of the treated and untreated lignin were 
measured at room temperature. The spectral resolution was 4 cm
-1
 and the number of scans 
was 20. The collected spectra were baseline corrected using EssentialFTIR software. 
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5.5 Conclusions 
Results demonstrate that among the enzymes considered, laccase from Steccherinum 
ochraceum is characterized by an extraordinary stability over temperature and denaturating 
organic solvents. Most probably the variation in stability is ascribable to differences in the 
enzyme glycosylation. Both organic solvents employed (Dioxane and EtOH) have 
demonstrated to cause a strong reduction of the enzymatic activity which is proportional to 
their concentration in the media.  
Stability study under MW radiation highlights the strong denaturating effect of microwaves 
on the considered enzymes. The three laccases lost completely their activity within 5 minutes 
radiation and this behavior can be imputed to the so called “non thermal microwaves effect”, 
since the laccases show considerably higher stability under the same thermal conditions 
without microwave radiation.  
Finally we demonstrated that alkali lignin from Sigma-Aldrich present the highest number of 
phenolic groups among the lignin samples considered. FTIR spectroscopy of alkali lignin, 
showing changes in the amount of unconjugated C=O and COOH groups and conjugated 
C=O groups after incubation with investigated laccases, confirms enzymatic activity over this 
natural substrate in all considered media. 
 
126 REFERENCES 
6 REFERENCES  
                                                 
1
 G. J. Eduardo, ”Multi-Step Enzyme Catalysis: Biotransformations and Chemoenzymatic Synthesis”, 
2008, Wiley-VCH ed. 
2
 R. Chênevert, P. Morin, N. Pelchat, “Asymmetric Organic Synthesis with enzymes”, 2008, Wiley-
VCH ed., p.133. 
3
 S. Kobayashi, Macromol. Rapid. Commun., 2009, 30, 237. 
4
 M. Doble, A. Kumar Kruthiventi, “Green chemistry and engineering”, 2007, Elsevier ed., p. 69. 
5
 A. C. Albertsson, Macromolecules, 2006, 39, 46. 
6
 R. J. Mueller, Process Biochem., 2006, 41, 2124.  
7
 V. Ferrario, “Development of new computational methods for the simulation of enzymes under 
operational conditions”, 2009, University of Trieste, PhD. Thesis. 
8
 A. Houde, A. Kademi, D. Leblanc, Appl. Biochem. Biotechnol., 2004, 118, 155. 
9
 E. A. Snellman, E. R. Sullivan, R. R. Colwell, FEBS, 2002, 269, 5771. 
10
 K. E. Jeager, B. W. Dijsktra, M. T. Reetz, Annu. Rev. Microbiol., 1999, 53, 315. 
11
 F. Hasan, A. A. Shah, A. Hameed, Enzyme Microb. Technol., 2006, 39, 235. 
12
 A. M. Brzozowski, U. Derewenda, Z. S. Derewenda, G. G. Dodson, D. M. Lawson, J. P. Turkenburg, 
F. Bjorkling, B. Huge-Jensen, S. A. Patkar, L. Thim, Nature, 1991, 351, 491. 
13
 H. L. Brockman, J. H. Law, F. J. Kézdy, J. Biol. Chem., 1973, 248, 4965. 
14
 L. Sarda, P. Desnuelle, Biochem. Biophys. Acta, 1958, 30, 513. 
15
 P. Desnuelle, L. Sarda, G. Alihaud, Biochem. Biophys. Acta, 1958, 37, 570. 
16
 R. Verger, Methods Enzymol., 1980, 64, 340. 
17
 J. D. Schrag, M. Cygler, Methods Enzymol., 1997, 284, 85. 
18
 K. E. Jaeger, M. T. Reetz, Trends Biotechnol., 1998, 16, 396. 
19
 M. Nardini, B. W. Dijsktra, Curr. Opin. Struct. Biol., 1999, 9, 732. 
20
 J. C. Chen, L. J. Miercke, J. Krucinski, J. R. Starr, G. Saenz, X. Wang, Biochemistry, 1998, 37, 5107. 
21
 R. A. Sheldon, Adv. Synth. Catal., 2007, 349, 1289. 
22
 F. Hasan, A. Ali Shah, A. Hameed, Enzyme Microb. Technol., 2006, 39, 235. 
23
 M. Martinelle, M. Holmquist, K. Hult, Biochim. Biophys. Acta, 1995, 1258, 272. 
24
 P. Trodler, J. Pleiss, BMC Struct. Biol., 2008, 8, 9. 
 
127 REFERENCES 
                                                                                                                                                        
25
 M. Martinelle, K. Hult, Biochim. Biophys. Acta, 1995, 1251, 191. 
26
 T. Matsumoto, M. Ito, H. Fukuda, A. Kondo, Appl. Microbiol. Biotechnol., 2004, 64, 481. 
27
 A. Torres-Gavilan, E. Castillo, A. L´opez-Munguia, J. Mol. Catal. B: Enzym., 2006, 41, 136. 
28
 S. R. Joon, J. K. Seok, J. H.  Jeong, “Enzymes in Nonaqueous Solvents: Methods and Protocols”, 
2001, Humana Press ed., p.150. 
29
 X. Xia, C. Wang, B. Yang, Y. H. Wang, X. Wang, Appl. Biochem. Biotechnol., 2009, 159, 759. 
30
 M. Kato, K. Toshima, S. Matsumura, Biomacromol., 2005, 6, 2275. 
31
 M. Soledad de Castro, P. Domínguez, J. V. Sinisterra, Tetrahedron, 2000, 56, 1387. 
32
 O. Kirk, M. W. Christensen, Org. Process Res. Dev., 2002, 6, 446. 
33
 M. Takwa, “Lipase Specificity and Selectivity”, 2010, KTH Stockholm, PhD Thesis. 
34
 C. Hedfors, M. Martinelle, J. Mol. Catal. B: Enzym., 2010, 66, 120. 
35
 A. Bertinotti, G. Carrea, G. Ottolina, S. Riva, Tetrahedron, 1994, 50, 13165. 
36
 D. Rotticci, C. Orrenius, K. Hult, T. Norin,  Tetrahedron: Asym., 1997, 8, 359. 
37
 P. Galletti, F. Moretti, C. Samorı, E. Tagliavini, Green Chem., 2007, 9, 987. 
38
 T. Chaiyaso, A. H-kittikun, W. Zimmermann, J. Ind. Microbiol. Biotechnol., 2006, 33, 338. 
39
 E. M. Anderson, K. M. Larsson, O. Kirk, Biocatal. Biotrans., 1998, 16, 3, 181.  
40
 L. C. Rocha, I. G. Rosset, R. F. Luiz, C. Raminelli, A. L. M. Porto, Tetrahedron Asym., 2010, 21, 
926. 
41
 J. Polaina, A. P. MacCabe, “Industrial Enzymes”, Sec. C “Lipases”, 2007, Springer ed.,  p263. 
42
 D. A. Abramowicz, “Biocatalysis”, 1990, Van Nostrand Reinhold Ed. 
43
 S. Kobayashi, S. Shoda, H. Uyama, Adv. Polym. Sci., 1995, 121, 1. 
44
 S. Kobayashi, J. Polym. Sci. Part A: Polym. Chem., 1999, 37, 3041. 
45
 Y. Shen, X. Chen, R. A. Gross, Macromolecules, 1999, 32, 2799. 
46
 R. Kumar, W. Gao, R. A. Gross, Macromolecules, 2002, 35, 6835. 
47
 A. Kumar, A.S. Kulshrestha, W.Gao, R. A. Gross, Macromoleculess, 2003, 36, 8219. 
48
 D. Y. Kim, J. S. Dordick, Biotechnol. Bioeng., 2001, 76, 200. 
49 
S. Matsumura, Macromol. Biosci., 2002, 2, 105. 
50
 R. J. Mueller, Process Biochem., 2006, 41, 10,  2124. 
51 
R. K. Srivastava, A. Albertsson, Macromolecules, 2006, 39, 46. 
 
128 REFERENCES 
                                                                                                                                                        
52
 R. K. Srivastavaa, K. Kumarb, I. K. Varmab, A. Albertsson, Eur. Polym. J., 2007, 43, 3, 808. 
53
 C. Hedfors, E. Ostmark, E. Malmstrom, K. Hult, M. Martinelle, Macromolecules, 2005, 38, 3, 647. 
54
 B. N. Simpson, M. Takwa, K. Hult, M. Johansson, M. Martinelle, E. Malmstrom, Macromolecules, 
2008, 41, 10, 3613.  
55
 K. Srivastava, A. Albertsson, Biomacromol., 2006, 7, 9, 2531. 
56
 L. A. Henderson, Y. Y. Svirkin, R. A. Gross, D. L. Kaplan, G. Swift, Macromolecules, 1996, 29, 
7759. 
57
 H. Uyama, K.Takeya, N. Hoshi, S. Kobayashi, Macromolecules, 1995, 28, 7046. 
58
 H. Uyama, S. Suda, S. Kobayashi, Acta Polym., 1998, 49, 700. 
59
 M. Bankova, A. Kumar, G. Impallomeni, A. Ballistreri, R. A. Gross, Macromolecules, 2002, 35, 
6858. 
60
 D. Knani, A. L. Gutman, D. H. Kohn, J. Polym. Sci. Part A: Polym. Chem., 1993, 31, 1221. 
61
 H. Uyama, S. Kobayashi, Chem. Lett., 1993, 1149. 
62
 H. Uyama, S. Kobayashi, J. Mol. Catal. B Enzym., 2002, 19, 117. 
63
 R. A. Gross, A. Kumar, B. Kalra, Chem. Rev., 2001, 101, 2097. 
64
 I. K. Varma, A. C. Albertsson, R. Rajkhowa, R. K.Srivastava, Prog. Polym. Sci., 2005, 30, 949. 
65
 B. Schulze, M. G. Wubbolts, Curr. Opin. Biotechnol., 1999, 10, 609. 
66
 L.Van Der Mee, F. Helmich, R. de Bruijn, J. A. Vekemans, A. R. Palmans, E. W. Meijer, 
Macromolecules, 2006, 39, 5021. 
67
 D. Shiyao, X. Liang, Z. Manfred, L. Zhi, Biomacromol., 2009, 10, 3176. 
68
 G. Odian, “Principles of Polymerization”, 1981, John Wiley & Sons: New York ed. 
69
 P. Ellwood, Chem. Eng., 1967, 74, 98. 
70
 F. Binns, P. Harffey, S. M. Roberts, A. J. Taylor, J. Chem. Soc. Perkin Trans. 1, 1999, 2671. 
71
 M. T. Gustavsson, P. V. Persson, T. Iversen, K. Hult, M.  Martinelle, Macromolecules,  2004, 5, 106. 
72
 A. J. M. D‟souza, E.M. Topp, J. Pharm. Sci, 2004, 93, 1962. 
73 
N. Simpson, M. Takwa, K. Hult, M. Johansson, M. Martinelle, E. Malmström, Macromolecules, 
2008, 41, 3613. 
74 
M. Takwa, K. Hult, M. Martinelle, Macromolecules, 2008, 41, 5230. 
75 
M. Takwa, N. Simpson, E. Malmström, K. Hult, M. Martinelle, Macromol. Rapid Commun., 2006, 
27, 1932. 
 
129 REFERENCES 
                                                                                                                                                        
76 
M. Takwa; Y. Xiao; N. Simpson, E. Malmström, K. Hult, C. Koning, A. Heise, M. Martinelle, 
Biomacromol, 2008, 9, 704. 
77 
M. Eriksson, L. Fogelström, K. Hult, E. Malmström, M. Johansson, S. Trey, M. Martinelle, 
Biomacromol., 2009, 10, 3108. 
78 
H. Uyama, S. Kobayashi, “Enzyme-Catalyzed Synthesis of Polymers”, Kaplan, D. L. ed.; “Advances 
in polymer science book series”, Springer: Berlin ed., 2006, Vol. 194, p.51. 
79
 M. Padovani, I. Hilker, C. J. Duxbury, A. Heise, Macromolecules, 2008, 41, 2439. 
80
 H. Uyama, K. Inada, S. Kobayashi, Chem Lett., 1998, 8, 1285. 
81
 H. Lu, J. A. Carioscia, J. W. Stansbury, C. N. Bowman, Dent. Mater., 2005, 21, 1129. 
82
 N. B. Cramer, S. K. Reddy, H. Lu, T. Cross, R. Raj, C. N. Bowman, J. Polym. Sci. Part A: Polym. 
Chem., 2004, 42, 1752. 
83
 A. W. Harant, V. S. Khire, M. S. Thibdaux, C. N. Bowman, Macromolecules, 2006, 39, 1461.  
84
 V. S. Khire, A. W. Harant, A. W. Watkins, K. S. Anseth, C. N. Bowman, Macromolecules, 2006, 39, 
5081. 
85
 S. Boileau, B. Mazeaud-Henri, R. Balckborow, Eur. Polym. J., 2003, 39, 1395. 
86
 A. T. Metters, K. S. Anseth, C. N.  Bowman, J. Phys. Chem. B, 2001, 105, 8069. 
87
 S. P. Pappas, ”Radiation Curing: Science and Technology”, 1992, Plenum Press: New York ed. 
88 
N. B. Cramer, S. K. Reddy, M. Cole, C. Hoyle, C. N. Bowman, J. Poyml. Sci. Part A: Polym. Chem., 
2004, 42, 5817. 
89
 A. F. Jacobine, D. M. Glaser, S. T. Nakos, M. Masterson, P. J. Grabek, M. A. Rakas, D. Mancini, J. 
G. Woods, Spec. Publ. R. Soc. Chem., 1991, 89, 342. 
90
 C. E. Hoyle, T. Y. Lee, T. J. Roper, J. Polym. Sci. Part A: Polym. Chem., 2004, 42, 5301. 
91
 M. Eriksson, K. Hult, E. Malmstrom, M. Johansson, S. M. Trey, M. Martinelle, Polym. Chem., 2011, 
DOI: 10.1039/C0PY00340A. 
92
 I. K. Varma, A. C. Albertsson, R. Rajkhowa, R. K. Srivastava, Prog. Polym. Sci., 2005, 30, 949. 
93
 A.  Kumar, B. Kalra, A. Dekhterman, R. A. Gross, Macromolecules, 2000, 33, 6303. 
94
 G. Sivalingam, G. Madras, Biomacromol., 2004, 5, 603. 
95
 H. Uyama, S. Suda, H. Kikuchi, S. Kobayashi, Chem. Lett., 1997, 11, 1109. 
96
 M. Takwa, K. Hult, M. Martinelle, Macromolecules, 2008, 41, 5230. 
97
 G. Odian, “Principles of Polymerization”, 2004, 4th ed. John Wiley and Sons, Inc. Hoboken, NJ. 
 
130 REFERENCES 
                                                                                                                                                        
98
 M. Johansson, ”Allyl Ether Modified Polyester Resins” 1992, KTH Stockholm, PhD thesis. 
99
 J. Ahmed, J. X. Zhang, Z. Song, S. K. Varshney,  J. Therm. Anal. Calorim., 2009, 95, 957. 
100
 N. Tanaka, Polymer, 2008, 49, 5353. 
101
 K. Demirelli, M. Cokun, Polym. Plast. Technol. Eng., 1999, 38, 167. 
102
 K. Andrews, S. Bingham, I. McAninch, C. Greer, J. M. Sands, J. J. La Scala, X. Geng, G. R. 
Palmese, V. Crisostomo, S. Suib, Army Research Laboratory, 2009, AR-TR-4872. 
103
 N. Simpson, M. Takwa, K. Hult, M. Johansson, M. Martinelle, E. Malmström, Macromolecules, 
2008, 41, 3613. 
104
 C. Nilsson, N. Simpson, M. Malkoch, M. Johansson, E. Malmström, J. Polym. Sci. Part A: Polym. 
Chem., 2008, 46, 1339. 
105
 C. Webb, A.A. Koutinas and R. Wang, “Developing a Sustainable Bioprocessing Strategy Based on 
a Generic Feedstock”, 2004, Springer Berlin / Heidelberg ed. 
106
 E. R. Riegel, J. A. Kent, “Kent and Riegel’s Hanbook of Industrial Chemistry and Biotechnology”, 
2007, Springer Science ed., p.1396. 
107
 S. A. Rivas, M. Bassas Galià, ”Handbook of Hydrocarbon and Lipid Microbiology”, 2010, Part 27, 
”Rediscovering Biopolymers”, Springer Science ed., p. 2967. 
108 M. Kakuta, M. Hirata, Y. Kimura, Polym. Rev., 2009, 49, 107. 
109
 A. Krzan, S. Hemjinda, S. Miertus, A. Corti, E. Chiellini, Polym. Degrad. Stabil., 2006, 91, 2819. 
110
 F. Shozui, K. Matsumoto, T. Nakai, M. Yamada, S. Taguchi, Appl. Microbiol. Biotechnol., 2010, 85, 
949. 
111
 K. Matsumoto, S. Taguchi, Appl. Microbiol. Biotechnol., 2010, 85, 921. 
112
 European Science and Technology Observatory, “Techno-economic Feasibility of Large-scale 
Production of Bio-based Polymers in Europe”, 2005, European Commission Joint Research Centre 
(DG JRC), Techncial Report EUR 22103 EN. 
113
 U. Edlund, A.C. Albertsson, Adv. Drug Del. Rev., 2003, 55, 585.  
114
 A. C. Albertsson, I. K. Varma, Adv. Polym. Sci., 2002, 157, 1. 
115
 V. Tserki, P. Matzinos, E. Pavlidou, D. Vachliotis, C. Panayiotou, Polym. Degrad. Stabil., 2006, 91, 
367. 
116
 “Report of the World Commission on Environment and Development”, 1987, A/RES/42/187. 
 
131 REFERENCES 
                                                                                                                                                        
117
 P.T. Anastas, J. C. Warner, “Green chemistry: Theory and Practice”, 1998, Oxford University 
Press. 
118
 S. Slater, D. Glassner, E. Vink, T. Gerngross, “Plastics Derived from Renewable Resources and 
Their Place Within a Green Chemistry Framework“, Chapter 16: “Evaluating the Environmental 
Impact of Biopolymers”, 2005, Wiley ed., p.473. 
119
 R. Narayan, Report Paper Orbit. Journal, 2001, 1, 1. 
120 
D. K. Platt, “Biodegradable Polymers”, 2006, Smithers Rapra ed. 
121
 C. Bastioli, V. Bellotti, L. Del Giudice, G. Gilli, J. Polym. Environ., 1993, 1, 181. 
122 
A. L. Andrady, J. Macromol. Sci. Rev. Macromol. Chem. Phys., 1994, C34, 25. 
123
 R. M. Ottenbrite, A. C. Albertsson, “Biodegradable Polymers and Plastics”, 1992 edited by M. 
Vert, J. Feijen, A. Albertsson, et al. (Royal Soc. Chemistry, Cambridge, England) p.73. 
124
 R. W. Lenz, Adv. Polym. Sci., 1993, 107, 28. 
125
 A. L. Andray, “Physical Properties of Polymers Handbook”, Chapter 56: “Biodegradability of 
polymers”, 2007, Springerlink ed., p.951. 
126
 H. Uchida, T.  Nakajima-Kambe, Y. Shigeno-Akutsu, N. Nomura, Y. Tokiwa, T. Nakahara, FEMS 
Microbiol. Lett., 2000, 189, 25. 
127
 D. Ramael, “Polymer-modified polyols, their use for the manufacture of polyurethane products”, 
2002, Patent n°6433031. 
128 
W. Vilar, “Chemistry and Technology of Polyurethanes”, 2002, Vilar Consultoria Técnica Ltda., Rio      
de Janeiro, Brazil. 3
rd
 ed. 
129
 S. Y. Lee, S. H. Hong, S. H. Lee, S. J. Park, Macromol. Biosci., 2004, 4, 157. 
130
 H. Songa, S. Yup Lee, Enzym. Microb. Technol., 2006, 39, 352. 
131
 www.verdezyne.com and www.rennovia.com 
132
 Z. X. Wang, J. Zhuge, H. Fang, B. A. Prior, Biotechnol. Adv., 2001, 19, 201. 
133
 K. R. Szulczyk1, B. A. McCarl, IJEE, 2010, 1, 53. 
134
 P. R. Muniyappa, S. C. Brammer, H. Noureddini, Biores. Technol., 1996; 56, 19. 
135
 E. Bucio, J. C. I. Lara-Estevez, F. A. Ruiz-Trevino, A. Acosta-Huerta, Polym. Bull., 2006, 56, 163. 
136
 T. Kiyotsukuri, M. Kanaboshi, N. Tsutsumi, Polym. Int., 1994, 33, 1. 
137 
W. Meng, T.L. Parker, P. Kallinteri, D.A. Walker, S. Higgins, G.A. Hutcheon, M.C. Garnett, J. 
Control. Release, 2006, 116, 314. 
 
132 REFERENCES 
                                                                                                                                                        
138
 D. R. Dodds, R. A. Gross, Science, 2007, 318, 1250. 
139
 A. Kumar, A. S. Kulshrestha, W. Gao, R. A. Gross,  Macromolecules, 2003,  36, 8219. 
140
 A. S. Kulshrestha, W. Gao, H. Y. Fu, R. A. Gross, Biomacromol., 2007, 8, 1794. 
141
 A. S. Kulshrestha, W. Gao, R. A. Gross, Macromolecules, 2005, 38, 3193. 
142
 J. S. Stumbé, B. Bruchmann, Macromol. Rapid Commun., 2004, 25, 921. 
143
 R. D. Schmid, R. Verger, Angew. Chem. Int. Ed., 1998, 37, 1608. 
144
 A. S. Kulshrestha, W. Gao, R. A. Gross, Macromolecules, 2005, 38, 3193. 
145
 W. Li, W. Du , Q. Li, T.Sun, D. Liu, J. Mol. Cat. B: Enzym., 2010, 63, 17. 
146
 A. M. Fureby, L. Tian, P. Adlercreutz, Enzyme Microb. Technol, 1997, 20, 196. 
147
 A. F. Vikbjerg, H. Mu, X. Xu, J. Mol. Catal. B: Enzym, 2005, 36, 14. 
148
 S. Kobayashi, Macromol. Rapid. Comm, 2009, 30, 237. 
149
 C. Webb, A. A. Koutinas, R. Wang, “Developing a Sustainable Bioprocessing Strategy Based on a 
Generic Feedstock”, 2004, Springer Berlin / Heidelberg ed. 
150
 R. W. McCabe, A. Taylor, Green Chem., 2004, 6, 151. 
151
 G. N. Gee, A. Taylor, “Isocyanate free polyurethane production process via carbamate 
polyesterification”, 2004, U.S. Patent Application US20040091982. 
152 
L. Cao, “Carrier-bound immobilized enzymes: principles, applications and design”, 2005, Wiley-
VCH ed. 
153
 U. Hanefeld, L. Gardossi, E. Magner, Chem. Soc. Rev., 2009, 38, 453. 
154
 J. M. Palomo, Curr. Org. Synth., 2009, 6, 1. 
155
 L. Hilterhaus, O. Thum, A. Liese, Org. Process Res. Dev. 2008, 12, 618. 
156
 A. S. Bhangale, S. Kundu, W. Xie, W. E. Wallace, K. M. Flynn, K. L. Beers, R. A. Gross, Polym. 
Prepr., 2010, 51, 760.  
157
 B. Chen, J. Hu, E. M. Miller, W. Xie, M. Cai, R. A. Gross, Biomacromol., 2008, 9, 463. 
158
 L. O. Wiemann  P. Weisshaupt, R. Nieguth, O. Thum, M. B. Ansorge-Schumacher, Org. Proc. Res. 
Dev., 2009, 13, 617. 
159
 L. Hilterhaus, B. Minow, J. Muller, M. Berheide, H. Quitmann, M. Katzer, O. Thum, G. 
Antranikian, A. P. Zeng, A. Liese, Bioproc. Biosyst. Eng., 2008, 31, 163. 
160
 L. O. Wiemann, R. Nieguth, M. Eckstein, M. Naumann, O. Thum, M. B. Ansorge-Schumacher, 
ChemCatChem, 2009, 1, 455. 
 
133 REFERENCES 
                                                                                                                                                        
161
 H. Uyama, S. Kobayashi, Adv. Polym. Sci., 2006, 194, 133. 
162 J. M. Palomo, G. Muñoz, G. Fernández-Lorente, C. Mateo, R. Fernández-Lafuente, J. M. Guisán, J. 
Mol. Catal. B: Enzym., 2002, 19, 279. 
163 D. S. Rodrigues, A. A. Mendes, W. S. Adriano, L. R.B. Goncalves, R. L.C. Giordano, J. Mol. Catal. 
B: Enzym., 2008, 51, 100. 
164
 A. Mahapatro, A. Kumar, B. Kalra, R. A. Gross, Macromolecules, 2004, 37, 35. 
165
 B. Chen, M. E. Miller, R. A. Gross, Langmuir, 2007, 23, 6467. 
166
 T. Nakaoki, Y. Mei, L. M. Miller, A. Kumar, B. Kalra, E. M. Miller, O. Kirk, M. Christensen, R. A.  
Gross, Ind. Biotechnol., 2005, 1, 26. 
167
 D. Rotticci, T. Norin, K. Hult, M. Martinelle, Biochim. Biophys. Acta, 2000, 1483, 132. 
168
 R. Fuji, Y. Utsunomiya, J. Hiratake, A. Sogabe, K. Sakata, Biochim. Biophys. Acta, 2003, 1631, 197. 
169
 A. O. Magnusson, J. Rotticci-Mulder, A. Satnagostino, K. Hult; ChemBioChem, 2005, 6, 1. 
170
 B. L. A. Prabhavathi Devi, Z. Guo, X. Xu, J. Am. Oil. Chem. Soc., 2009, 86, 637. 
171
 J. Duwensee, S. Wenda, W. Ruth, U. Kragl, Org. Proc. Res. Dev., 2010, 14, 48. 
172
 Y. C. Yan, U. T.  Bornscheuer, R. D. Schmid, Biotechnol. Bioeng., 2002, 78, 31. 
173
 H. Ebata, K.  Toshima, S. Matsumura, Macromol. Biosci.,  2007, 7, 798. 
174
 M. Kato, K. Toshima, S. Matsumura,  Biomacromol.,  2005, 6, 2275. 
175
 F. Binns, A. Taylor, “Enzymatic Synthesis”, 1997, US Patent n˚ 5631343. 
176
 L. Hilterhaus, O. Thum, A. Liese, Org. Proc. Res. Dev., 2008, 12, 618. 
177
 H. Akat, M. Balcan, Iran. Polym. J., 2006, 15, 921. 
178
 P. J. Flory, J. Am. Chem. Soc., 1939, 61, 3334. 
179
 A. U. Tang, K. S. Yao, J. Polym. Sci., 1959, 35, 219. 
180
 A. Duda, S. Penczek, “Mechanisms of Aliphatic Polyester Formation”, 2001, Wiley-VCH ed., p. 
378. 
181
 R. Bacaloglu, M. Fisch, K. Biesiada, Polym. Eng. Sci., 1998, 38, 1014. 
182 T. Salmi, E. Paatero, P. Nyholma, Chem. Eng. Proc., 2004, 43, 1487. 
183
 K. F. Morris, C. S. Johnson, J. Am. Chem. Soc., 1993, 115, 4291. 
184
 A. Chen, D. Wu, C. S. Johnson, J. Am. Chem. Soc., 1995, 117, 7965. 
185
 A. Jerschow, N. Muller, Macromolecules, 1998, 31, 6573. 
 
134 REFERENCES 
                                                                                                                                                        
186
 A. J. Heston, D. Banerjee, P. L. Rinaldi, C. A. Tessier, J. Inorg. Organomet. Polym. Mater., 2007, 
17, 477. 
187
 S. Viel, D. Capitani, L. Mannina, A. Segre, Biomacromol., 2003, 4, 1843. 
188
 J. E. Mark, “Physical Properties of Polymers Handbook”, Springer 2nd ed., p. 63. 
189
 J. Zhang, Y. Liang, J. Yan, J. Lou, Polymer, 2007, 48, 4900. 
190 
B. Antalek, Conc. Magn. Reson., 2002, 14, 225. 
191 
C. S. Johnson, Prog. NMR Spectrosc., 1999, 34, 203. 
192
 K. F. Morris, C. S. Johnson, J. Am. Chem. Soc., 1992, 114, 3139. 
193
 P. C. Griffiths, P. Stilbs, K. Paulsen, A. M. Howe, A. R. Pitt, J. Phys. Chem. B, 1997, 101, 915. 
194
 P. Stilbs, K. Paulsen, P. C. Griffiths, J. Phys. Chem., 1996, 100, 8180. 
195
 L. C. M. Van Gorkom, T. M. Hancewicz, J. Magn. Reson., 1998, 130, 125. 
196
 A. Jerschow, N. Muller, Macromolecules, 1998, 31, 6573. 
197
 K. F. Morris, P. Stilbs, C. S. Johnson, Anal. Chem., 1994, 66, 211. 
198
 G. Fleischer, Polymer, 1985, 26, 1677. 
199
 P. T. Callaghan, D. N. Pinder, Macromolecules, 1983, 16, 968. 
200
 P. C. Griffiths, P. Stilbs, J. Phys. Chem., 1995, 99, 16752. 
201
 C. Barrère, M. Mazarin, R. Giordanengo, T. N. Phan, A. Thévand, S. Viel, L. Charles, Anal. Chem., 
2009, 81, 8054. 
202
 H. Berendsen, D. van der Spoel, R. van Drunen, Comp. Phys. Comm., 1995, 91, 43. 
203
 D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. Mark, H. Berendsen, J. Comput. Chem., 
2005, 26, 1701. 
204 A. W. Schuettelkopf, D.M. F. Aalten, Acta Crystallographica, 2004, 66, 1355. 
205
 H. J. C. Berendsen, D. Van der Spoel, R. Van Drunen, Comp. Phys. Comm., 1995, 91, 43. 
206
 W. R. P. Scott, P. H. Huenenberger, I. G. Tironi, A. E. Mark, S. R. Billeter, J. Fennen, A. E. Torda, 
T. Huber, P. Krueger, W. F.  Van  Gunsteren, J. Phys. Chem. A, 1999, 103, 3596. 
207
 A. Einstein, R. Furth, A. D. Cowper, “Investigations on the Theory of the Brownian Movement”, 
1956, Courier Dover Publications Mineola ed. 
208
 U. Bohme, U. Scheler, Macromol. Chem. Phys., 2007, 208, 2254. 
209
 D. Wu, A. Chen, C. S. Johnson Jr., J. Magn. Reson. A, 1995, 115, 260. 
210
 S. Yao, G. J. Howlettb, R. S. Nortona, J. Biomol. NMR, 2000, 16, 109. 
 
135 REFERENCES 
                                                                                                                                                        
211
 B. Jeong, M. R. Kibbey, J. C. Birnbaum, Y. Y. Won, A. Gutowska, Macromolecules, 2000, 33, 
8317. 
212
 W. Brown, K. Schillen, M. Almgren, S. Hvidt, P. Bahadur, J. Phys. Chem., 1991, 95, 1850. 
213
 D. J. Streeter, R. F. Boyer, Ind. Eng. Chem., 1951, 43, 1790. 
214
 R. R. Amruita, N. M. Metha, F. D. Karia, P. H. Parsania, J. Sci. Ind. Res., 2006, 65, 905. 
215
 M. Lund, A.J. Ragauskas, Appl. Microbiol. Biotechnol., 2001, 55, 699. 
216
 S. Kobayashi, S. Shoda, H. Uyama, Adv. Polym. Sci., 1995, 121, 1. 
217
 S. Kobayashi, J. Polym. Sci.: Part. A: Polym. Chem., 1999, 37, 3041. 
218
 H. Uyama, S. Kobayashi, J. Mol. Catal. B: Enzim., 2002, 19, 20, 117. 
219
 H. Uyama, S. Kobayashi, Adv. Polym. Sci., 2006, 194, 51. 
220
 M. Ghioureliotis, J. A. Nicell, Enzyme Microb. Technol., 1999;25, 185. 
221
 H. Uyama, H. Kurioka, I. Kaneko, S. Kobayashi, Chem. Lett., 1994, 423. 
222
 H. Uyama, S. Kobayashi, Chemtech., 1999, 29, 22. 
223
 S. Nakamoto, N. Machida, Water Res., 1992, 26, 49. 
224
 H. Mohsina, Khalil-ur-Rehman, Food Chem., 2009, 115, 1177. 
225
 H. Tonami, H. Uyama, S. Kobayashi, M. Kubota, Macromol. Chem. Phys., 1999, 200, 2365. 
226
 S. Kobayashi, H. Uyama, T. Ushiwata, T. Uchiyama, J. Sugihara, H. Kurioka, Macromol. Chem. 
Phys., 1998, 199, 777. 
227
 O. A. Raitman, E. Katz, A. F. Buckmann, I. Willner, J. Am. Chem. Soc., 2002, 124, 6487. 
228
 J. Z. Liu, T. L. Wang, T. L. Ji, J. Mol. Catal. B: Enzym., 2006, 41, 81. 
229
 I. Y. Sakharov, A. C. Vorobiev, J. J. C. Leon, Enzyme Microb. Technol., 2003, 33, 661. 
230
 R. Nagarajan, L. Samuelson, S. Tripathy, W. Liu, J. Kumar, F. Bruno, “Enzymatic polymerization of 
aniline or phenols around a template”, 2003, US Patent No. 6569651. 
231
 J. A. Nicell, H. Wright, Enzyme Microbiol. Technol., 1997, 21, 302. 
232
 K. Iwahara, M. Hirata, Y. Honda, T. Watanabe, M. Kuwahara, Biotechnol.. Lett., 2002, 22, 1351. 
233
 D. R. Miller, I. R. Tizard, J. T. Keeton, J. F. Prochaska, “System for polymerizing collagen and 
collagen composites in situ for a tissue compatible wound sealant, delivery vehicle, binding agent 
and/or chemically modifiable matrix”, 2003, US Patent No. 6509031. 
234
 M. Sottomayor, M. Lopez-Serrano, F. Di Cosmo, A. R. Barcelo, FEBS Lett., 1998, 428, 299. 
235
 S. Kobayashi, R. Ikeda, H. Oyabu, H. Tanaka, Chem. Lett., 2000, 1214. 
 
136 REFERENCES 
                                                                                                                                                        
236
 R. Ikeda, H. Tanaka, H. Oyabu, H. Uyama, S. Kobayashi, Bull. Chem. Soc. Jpn., 2001, 74, 1067. 
237
 R. Ikeda, H. Uyama, S. Kobayashi, Macromolecules, 1996, 29, 3053. 
238
 C. Laane, S. Boeren, K. Vos, C. Veeger, Biotechnol. Bioeng., 1987, 30, 81. 
239
 A. Messerschmidt, “Multi-copper oxidases”, 1997, World Scientific Publishing ed. 
240
 H. Yoshida, J. Chem. Soc., 1883, 43, 472. 
241
 F. Xu, A. E. Palmer, D. Y. Yaver, R. M.  Berka, G. A. Gambetta, S. H. Brown, E. I. J. Solomon, J. 
Biol. Chem., 1999, 274, 12372.  
242
 F. Xu, R. M. Berka, J. A. Wahleithner, B. A. Nelson, J. R. Shuster, S. H. Brown, A. E. Palmer, E. I. 
Solomon, Biochem. J., 1998, 334, 63. 
243
 A. Messerschmidt, R. Ladenstein, R. J. Huber, J. Mol. Biol., 1992, 224, 179. 
244
 A. Messerschmidt, R. Huber, Eur. J. Biochem., 1990, 187, 341. 
245
 P. F. Lindley, G. Card, I. Zaitseva, V. Zaitsev, B. Reinhammar, B. Selin-Lindgren, K. Yoshida, J. 
Biol. Inorg. Chem., 1997, 2, 454. 
246
 B. Reinhammar, Biochim. Biophis. Acta, 1972, 275, 245. 
247
 H. P. Call, I. Mucke, J. Biotechnol., 1997, 53, 163.  
248
 E. Torres, I. Bustos-Jaimes, S. Leborgne, Appl. Cat. B: Environ., 2003, 46, 15.  
249
 S. Riva, Trends Biotechnol., 2006, 24, 5, 219. 
250
 S. R. Couto, J. L. T. Herrera, Biotechnol. Adv., 2006, 24, 500. 
251
 K. L. Shuttleworth, J. M. Bollag, Enzyme Microb. Technol., 1986, 8, 171. 
252
 P. Piacquadio, G. De Stefano, M. Sammartino, Biotechnol. Technol., 1997, 11, 515. 
253
 R. Whetten, R. Sederoff, The Plant Cell, 1995, 7, 1001. 
254
 C. F. Thurston, Microbiology, 1994, 140, 19. 
255
 H. B. Gray, B. G. Malmstrom, R. J. P. Williams, J. Biol. Inorg. Chem.,  2000, 5, 551. 
256
 H. Eyring, F. H. Johnson, PNAS, 1971, 68, 2341. 
257
 H. B. Gray, E. I. Solomon, “Electronic structure of blue copper centers in proteins, in Copper 
proteins”, 1981, Wiley ed., p. 1. 
258
 E. I. Solomon, P. Chen, M. Metz, S. K. Lee, A. E.  Palmer, Angew. Chem. Int. Ed., 2001, 40, 4570. 
259
 H. P. Call, I. Mucke, J. Biotechnol., 1997, 53, 163. 
260
 F. Xu, “Encyclopedia of bioprocessing technology: fermentation, biocatalysis, and 
Bioseparation”, 1999, Flickinger MC. and Brew SW, Wiley ed., p.1545.  
 
137 REFERENCES 
                                                                                                                                                        
261
 E. Torres, I. Bustos-Jaimes, S. Leborgne, Appl. Cat. B: Environ., 2003, 46, 1. 
262
 D. Wesenberg, I. Kyriakides, S. N. Agatos, Biotechnol. Adv., 2003, 22, 161. 
263
 J. Dubroca, A. Brault, A. Kollmann, I. Touton, C. Jolivalt, L. Kerhoas, C. Mougin “Envronmental 
Chemistry: green chemistry and pollutants in ecosystems”, 2005, Springer, Berlin Heidelberg New 
York ed., Chapter 29, p. 305. 
264
 C. G. Bauer, A. Kuhn, N. Gajovic, O. Skorobogatko, P. J. Holt, N. C. Bruce, A. Makower, C. R. 
Lowe, F. W. Scheller, Fresenius J. Anal. Chem., 1999, 364, 179. 
265
 C. Eggert, U. Temp, K. E. L. Eriksson, FEBS Lett., 1997, 407, 89. 
266
 K. E. L. Eriksson, R. A. Blanchette, P. Ander, “Microbial and Enzymatic Degradation of 
Wood and Wood Components” 1990, (Berlin) Springer Verlag ed. 
267
 M. Tien, T. K. Kirk, Science, 1983, 221, 661. 
268
 J. K. Glenn, M. A. Morgan, M. B. Mayfield, M. Kuwahara, M. H. Gold, Biochem. Biophys. Res. 
Comm., 1983, 114, 1077. 
269
 R. Bourbonnais, M. G. Paice, FEBS Lett., 1990, 267, 99. 
270
 S. V. Shleev, I. G. Khan, I. G. Gazaryan, O. V. Morozova, A. I. Yaropolov, Appl. Biochem. 
Biotechnol., 2003, 111, 167. 
271
 O. V. Morozova, G. P. Shumakovich, S. V. Shleev, Y. I. Yaropolov, Appl. Biochem. Microbiol., 
2007, 43, 523. 
272
 P. Schneider, T. Damhus, “Acetosyringones as enhancers for bleaching by phenol oxidizing   
enzymes”, 1996, (Novo Nordisk A/S.) World Patent. 
273
 C. Eggert, U. Temp, K. E. Eriksson, FEBS Lett., 1997, 407, 89. 
274
 S. Camarero, D. Ibarra, M. J. Martínez, Á. T. Martínez, Appl. Environ. Microbiol., 2005, 71, 1775. 
275
 C. Fernàndez-Sànchez, T. Tzanov, G. M. Gubitz, A. Cavaco-Paulo, Bioelectrochem., 2002, 58, 149. 
276
 F. D'Acunzo, P. Baiocco, M. Fabbrini, C. Galli, P. Gentili, Eur. J. Org. Chem., 2002, 24, 4195. 
277
 M. Fabbrini, C. Galli, P. Gentili, J. Mol. Catal. B: Enzym., 2002, 18, 169. 
278
 N. Akta, A. Tanyolaç, J. Mol. Catal. B: Enzym., 2003, 22, 61. 
279
 A. Zille, F. D. Munteanu, G. M. Gubitz, A. Cavaco-Paulo, J. Mol. Catal. B: Enzym., 2005, 33, 23. 
280
 M. Rong Hu, Y. Peng Chao, G. Qing Zhang, Z. Quan Xue, S. Qian, J. Ind. Microbiol. Biotechnol., 
2009, 36, 45. 
281
 R. Bourbonnais, M. G. Paice, FEBS Lett., 1990, 167, 99.  
 
138 REFERENCES 
                                                                                                                                                        
282
 R. Bourbonnais, M. G. Pace, I. D. Reid, P. Lanthier, M. Yaguchi, Appl. Environ. Microbiol., 1995, 
61, 1876. 
283
 G. Brunow, “Oxidative coupling of phenols and the biosynthesis of lignin”, In: Lewis N.G. and 
Sarkanen S. ed.,  “Lignin and lignan biosynthesis”, 1998,  American Chemical Society, Washington, 
DC ed., p.131. 
284
 W. Boerjan, J. Ralph, M. Baucher, Annu. Rev. Plant Biol., 2003, 54, 519. 
285
 G. W. Huber, B. E. Dale, Sci. Am., 2009, 301, 52. 
286
 J. Zakzeski,  P. C. Bruijnincx, A. L. Jongerius, B. M. Weckhuysen, Chem. Rev., 2010, 110, 3552. 
287
 E. I. Solomon, U. M. Sundaram, T. E.  Machonkin, Chem. Rev., 1996, 96, 2563. 
288
 H. P. Call, I. Mucke, J. Biotechnol., 1997, 53, 163. 
289
 A. Leonowicz, K. Grzywnowicz, M. Malinowska, Acta Biochim. Pol., 1979, 2, 431. 
290
 S. Kawai, T. Umezawa, T. Higuchi, Arch. Biochem. Biophys., 1988, 262, 99. 
291
 S. Kawai, T. Umezawa, M. Shimada, T. Higuchi, FEBS Lett., 1988, 236, 309. 
292
 F. Xu, J. J. Kulys, K. Duke, K. Li, K. Krikstopaitis, H. J. Deussen, Appl. Environ. Microbiol., 2000, 
66, 2052. 
293
 C. Bohlin, P. O. Andersson, K. Lundquist, L. J. Joensson, J. Mol. Catal. B: Enzym., 2007, 45, 21. 
294
 H. Bermek, K. Li, K.E.-L. Eriksson, J. Biotechnol., 1998, 66, 117. 
295
 S. Shleev, O. Nikitina, A. Christenson, C. T. Reimann, A. I. Yaropolov, T. Ruzgas, L. Gorton, 
Bioorg. Chem., 2007, 35, 35. 
296
 D. Stewart, Ind. Crops Prod., 2008, 27, 202. 
297
 J. F. Kennedy, G. O. Phillips, P. A.Williams, P. A., “Ligno-cellulosic: science, technology, 
development and use”, 1992, Ellis Horwood Chichester ed. 
298
 C. N. Hamelinck, G. Van Hooijdonk, A. P. C. Faaij,  Biomass Bioenerg., 2005, 28, 384. 
299 
W. L. Griffith, A. L. Compere, Sep. Sci. Technol., 2008, 43, 2396. 
300
 Y. Uraki, T. Imura, T. Kishimoto, M. Ubukata, Carbohydr. Polym., 2004, 58, 123. 
301
 S. Kubo, J. F. Kadla, Biomacromol., 2004, 37, 6904. 
302
 C. Mai, O. Milstein, A. Hüttermann, J. Biotechnol., 2000, 79, 173. 
303 
O. Milstein, B. Nicklas, A. Hüttermann, Appl. Microbiol. Biotechnol., 1989, 31, 70. 
304 
A. M. Klibanov, Trends Biotechnol., 1997, 15, 97. 
305 
J. Rodakiewicz-Novak, Top. Catal., 2000, 11, 419. 
 
139 REFERENCES 
                                                                                                                                                        
306
 G. Cantarella, F. d‟Acunzo, C. Galli, Biotech. and Bioeng., 2003, 82, 395.  
307
 A. M. Klibanov, Trends Biotechnol., 1997, 15, 97. 
309
 A. M. Farnet, G. Gil, E. Ferre, Chemosphere, 2008, 70, 895. 
310
 C. M. Rosell, A. M. Vaidya, P. J. Halling,  Biochim. Biophys. Acta, 1995, 1252, 1, 158. 
311
 A. Zaks, M. A. Klibanov, J. Biol. Chem., 1988, 263, 3194. 
312
 Y. L. Khmelnitsky, A. B. Belova, A. V.  Levashov, V. V. Mozhaev, FEBS Lett., 1991, 284, 267. 
313
 A. J. Petrescu, A. L. Milac, S. M. Petrescu, R. A. Dwek, M. R. Wormald, Glycobiol., 2004, 14, 103. 
314
 R. H. Valivety, P. J. Halling, A. D. Peilow, A. R. Macrae, Eur. J. Biochem., 1994, 222, 461. 
315
 P. Lidstrom, J. Tierney, B. Wathey, J. Westman, Tetrahedron, 2001, 57, 9225. 
316
 M. Larhed, A. Hallberg, DDT, 2001, 6, 406. 
317
 M. Suarez, A. Loupy, E. Salfran, L. Moran, E. Rolando, Heterocycles, 1999, 51, 21. 
318
 A. Loupy, S. Regnier, Tetrahedron Lett., 1999, 40, 6221. 
319
 M. Nuchter, B. Ondruschka, W. Bonrath, A. Gum, Green Chem., 2004, 6, 128. 
320
 C. Gabriel, S. Gabriel, E. H. Grant, B. S. J. Halstead, D. M. P. Mingos, Chem. Soc. Rev., 1998, 27, 
213. 
321
 A. Loupy, “Microwaves in Organic Synthesis”, 2004, Wiley-VCH Verlag GmbH & Co. KGaA ed. 
322
 A. Basso, L. Sinigoi, L. Gardossi, S. Flitsch, Int. J. Pept., 2009, ArticleID362482, 
doi:10.1155/2009/362482. 
323
 B. Rejasse, S. Lamare, M. D. Legoy, T. Besson, J. Enz. Inhib. Med. Chem., 2007, 22, 518. 
324
 B. Réjasse, T. Besson, M. D. Legoy, S. Lamare, Org. Biomol. Chem., 2006, 4, 3703.   
325
 M. C. Parker, T. Besson, S. Lamare, M. D. Legoy, Tetrahedron Lett., 1996, 37, 8383.   
326
 G. Lin, W. Y. Lin, Tetrahedron Lett., 1998, 39, 4333. 
327 
A. Chernykh, N. Myasoedova, M. Kolomytseva, M. Ferraroni, F. Briganti, A. Scozzafava, L. 
Golovleva, J. Appl.Microbiol., 2008, 105, 2065. 
328
 F. Cara, M. R. Scarfi, S. D‟Auria, R. Massa, G. d‟Ambrosio, G. Franceschetti, M. Rossi, M. De 
Rosa, Bioelectromagnetics, 1999, 20, 172. 
329
 A. De la Hoz, A. Diaz-Ortiz, A. Moreno, Chem. Soc. Rev., 2005, 34, 164.  
330
 R. P. Bonomo, G. Cennamo, R. Purrello, A. M. Santoro, R. Zappalà, J. Inorg.  Biochem., 2001, 83, 
67. 
331
 D. F. George, M. M. Bilek, D. R. McKenzie, Bioelectromagn., 2008, 29, 324. 
 
140 REFERENCES 
                                                                                                                                                        
332
 M. Porcelli, G. Cacciapuoti, S. Fusco, R. Massa, G. d‟Ambrosio, C. Bertoldo, M. DeRosa, V. 
Zappia, FEBS Lett., 1997, 402, 102. 
333
 I. Roy, M. N. Gupta, Curr. Sci., 2003, 85, 1685. 
334
 X. Geng, K. Li, Appl. Microbiol. Biotechnol., 2002, 60, 342. 
335
 R. Bourbonnais, M. G. Paice, FEBS Lett., 1990, 267, 99. 
336
 R. Bourbonnais, M. G. Paice, I. D. Reid, P. Lanthier, M. Yaguchi, Appl. Environ. Microbiol., 1995, 
61, 1876. 
337
 J. Pitha, R. N. Jones, Can. Speetrosc., 1966, 11, 14. 
338
 R. D. R. Fraser, E. Suzuki, Anal. Chem., 1966, 38, 1770. 
339
 J. Pitha, R. N. Jones, Can. J. Chem., 1967, 45, 2347. 
340 
G.
 
Zakis, “Functional Analysis of Lignins and Their Derivatives”, 1994, Atlanta (USA): TAPPI 
Press ed., p. 94. 
341
 H. Vázquez-Torres, G. Canché-Escamilla, C. A. Cruz-Ramos, J. Appl. Polym. Sci., 1992, 45, 645. 
342
 M. L. Mattinen, T. Suortti, R. Gosselink, D. S. Agyropoulos, D. Evtuguin, A. Suurakki, E. Jong, T. 
Tamminen, BioRes., 2008, 3, 549. 
 
 
